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Abstract
Key message Element profile signatures of needle tissues differentiated four tissues: epidermis (main contributor: 
calcium), endodermis (main contributors: magnesium, sulphur and manganese), mesophyll (main contributor: potas-
sium), and transfusion parenchyma (main contributor: zinc).
Abstract Distribution of elements in cross-sections of Scots pine (Pinus sylvestris L.) needles was investigated using micro-
proton-induced X-ray emission. Tissue-specific distributions of magnesium (Mg), sulphur (S), calcium (Ca), phosphorus 
(P), potassium (K), chlorine (Cl), manganese (Mn), iron (Fe), zinc (Zn), aluminium (Al) and silicon (Si) were resolved in 
a quantitative manner. Distribution maps and tissue-specific concentrations revealed the largest concentration of Ca in epi-
dermis, of Mg, S and Mn in endodermis, of K in mesophyll and phloem and of Zn in transfusion parenchyma. Phosphorus, 
Cl, Fe, Al and Si did not exhibit apparent tissue-specific distribution. Inverse allocation of P and Ca was observed, a likely 
mechanism to prevent their precipitation. Taking the area of tissues into account, relative element distribution calculations 
indicated that mesophyll contained the majority of the elements studied, except Ca, which predominated in the epidermis 
(79% of total Ca concentration) and Mn, which predominated in the endodermis (40% of total Mn concentration). When 
considering a complete element profile of a particular tissue, four clusters were differentiated, which generally supported 
single-element observations. The first cluster differentiated mesophyll, xylem, phloem, transfusion tracheids and Strasburger 
cells with predominance of K, the second cluster differentiated epidermis on the basis of Ca, the third cluster differentiated 
endodermis with contributions from Mg, S and Mn, and the fourth cluster differentiated transfusion parenchyma with con-
tribution from Zn. Information on tissue-specific-element allocations will complement structural and functional knowledge 
of needle tissues and advance our understanding of element/nutrient transfers in Scots pine.
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Introduction

Leaf morphologies and anatomies differ substantially 
between plant species as a consequence of their phyloge-
netic origin and adaptation to environmental pressures. 
Common denominator to all leaves is the presence of pro-
tective epidermis, photosynthetically active mesophyll and 
water-mineral-and-sugar-transferring vascular bundles. 
Unlike in angiosperm leaves, in majority of gymnosperm 
leaves (needles), two distinctive structures separate centrally 
positioned vascular bundles from mesophyll: endodermis 
and transfusion tissue (Liesche et al. 2011). Endodermis is a 
layer of cells, whose cell walls sometimes contain Casparian 
strip (Lersten 1997) and functions similarly to endodermal 
barrier in roots, namely preventing uncontrolled apoplastic 
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movement of solutes, although in roots the Casparian strip is 
less permeable (Wu et al. 2005). In addition, endodermis has 
been proposed to prevent ice formation (Kuang et al. 2007; 
Roden et al. 2009) and to biophysical properties related to 
needle flexibility (Meicenheimer et al. 2008). In conjunc-
tion with transfusion tissue, endodermis also contributes to 
phloem loading (Liesche et al. 2011; Carvalho et al. 2018; 
Liesche and Schulz 2018). Transfusion tissue comprises 
specialised cells of transfusion tracheids and transfusion 
parenchyma cells. Transfusion tracheids are dead cells and 
reportedly participate in xylem unloading, while transfu-
sion parenchyma forms bridges of living cells between the 
endodermis and Strasburger cells, which flank phloem cells 
(Liesche et al. 2011). In addition, gymnosperm needles are 
characterised by a variable number of resin ducts positioned 
on the periphery of the thick-walled cells of mesophyll and 
epidermal cells with thick cutinized outer walls (Liesche 
et al. 2011).

Mineral element composition of angiosperm plants is 
controlled by evolutionary processes and the environment 
(Watanabe et al. 2007; Neugebauer et al. 2018). Less system-
atic work has been performed on gymnosperms, although 
several studies have evaluated mineral element composition 
of the needles and the environmental factors affecting it. For 
example, soil alkalisation level (Mandre 2009), humus con-
tent (Merilä and Derome 2008) and sulphur (S) and pollu-
tion gradients (Rautio and Huttunen 2003) have been shown 
to affect mineral element composition of needles. Addition-
ally, variability in concentrations of mineral elements in 
needles have been related to the needle age (Lamppu and 
Huttunen 2003; Kuang et al. 2007) and the concentrations 
of essential and non-essential elements have been shown to 
differ along the needle length (Giertych et al. 1997). Earlier 
study on mineral element distributions in white pine (Pinus 
strobus L.) needle detected calcium (Ca), manganese (Mn), 
iron (Fe), copper (Cu) and zinc (Zn) in the epidermis, endo-
dermis and transfusion tissue, magnesium (Mg) was detected 
in endodermis, while potassium (K), phosphorus (P), S and 
chlorine (Cl) were evenly distributed (Hodson and Sangster 
2002). In spruce [Picea abies (L.) Karst] endodermis was 
rich in Mg and K (Hodson and Sangster 1998). Tissue-spe-
cific distribution in needles of Araucaria angustifolia (Ber-
tol.) Kuntze, devoid of endodermis and transfusion tissue, 
was affected by nutrient deficiencies in the soil (Barbosa 
et al. 2017). So far, however, mineral element composition 
has not been quantified and element distributions have not 
been mapped in a whole-needle cross-section. Therefore, the 
aim of our study was (1) to resolve tissue-specific mineral 
element profiles in needles of Scots pine (Pinus sylvestris 
L.) using quantitative mapping technique (micro-particle 
induced X-ray emission, micro-PIXE), (2) to determine 
relative element distribution in these needles by taking the 
cross-sectional area of needle tissues into account, and (3) 

to test whether tissue-specific element profiles can be used 
to differentiate needle tissues by k-means clustering. Scots 
pine needles were used because of their widespread use 
in biomonitoring of heavy metal pollution (Bertolotti and 
Gialanella 2014).

Materials and methods

Plant material

The collection site of needles was in the Neris Regional Park 
(N 54.719946, E 25.043057), a 100 km2 of natural–cultural 
protected area in Lithuania. The location of the collection 
site was 35 km away from the nearest town. Three healthy 
looking Scots pine (Pinus sylvestris L.) trees were selected 
throughout the plot (10 × 10 m) of the study area for the 
sampling as previously described (Pundytė et al. 2011). A 
composite sample was prepared by mixing equal amounts 
(300 pairs of needles from each tree), which were kept in 
paper bags until analyses.

Sectioning needles for element localisation analysis

The needles were detached from twigs and sectioned with 
a razor blade to shorter pieces. The middle parts of needles 
were transferred into tissue freezing medium (Jung, Leica) 
and frozen in liquid nitrogen (Vogel-Mikuš et al. 2014). 
Plant material was transversally sectioned to 50 µm thick-
ness with a Leica CM3050 cryotome (Leica, Bensheim, Ger-
many) at − 25 °C. Sections were placed in custom-made 
aluminium (Al) holders, covered with a stainless-steel fitting 
cover to ensure the flatness of the sections and transferred 
to a freeze dryer (Alpha 2-4 Christ, Osterode am Harz, Ger-
many) via cryo-transfer-assembly cooled by liquid nitro-
gen. Sections were freeze–dried at −25 °C and a pressure 
of 0.240 mbar for 3 days. Dry sections were sandwiched 
between two thin layers of Pioloform foil stretched on Al 
holders and photographed using Axioskop 2 MOT micro-
scope (Carl Zeiss, Göttingen, Germany), equipped with an 
Axiocam MRc colour digital camera (Carl Zeiss), using 
AxioVision 4.1 software using bright field and UV excita-
tion (365 nm).

Bulk element analysis

Remaining needle material was dried in the oven at 60 °C 
for 3 days. Needles were ground with liquid nitrogen 
using pestle and a mortar, wet digested and analysed for 
bulk concentrations of Mg, S, Ca, P, K, Mn, Fe, Cu, Zn, 
boron (B), nickel (Ni), chlorine (Cl), sodium (Na), Al, 
silicon (Si), chromium (Cr), cadmium (Cd) and lead (Pb) 
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using inductively coupled plasma-mass spectroscopy as 
described elsewhere (Pongrac et al. 2013).

Mapping of element distribution in needle 
cross‑sections and data processing

Tissue-specific distribution of Mg, S, Ca, P, K, Cl, Mn, 
Fe, Zn, Al and Si was obtained using micro-particle-
induced X-ray emission (micro-PIXE) on seven needle 
cross-sections. Micro-PIXE analysis was performed at 
the nuclear microprobe of the Jožef Stefan Institute as 
previously described (Lyubenova et  al. 2012; Pelicon 
et al. 2014; Vavpetič et al. 2015; Detterbeck et al. 2016). 
Simultaneously, an on–off axis scanning transmission 
ion microscopy was performed to determine beam exit 
energy from the sample, related to the sample local tis-
sue density (Pallon et al. 2004; Vavpetič et al. 2013). The 
micro-PIXE spectra were analysed and numerical matri-
ces (pixel-by-pixel concentration matrices), distribution 
and co-localisation maps were generated by GeoPIXE II 
software package (Ryan 2000). Distribution maps were 
filtered using smooth (Gaussian function, standard devia-
tion 1.5) and edge enhance (Roberts function) filters in 
GeoPIXEII. Element concentrations were extracted from 
different tissues using ImageJ software (Abràmoff et al. 
2004) as described previously (Vogel-Mikuš et al. 2014). 
In a whole-needle cross-section (resolution: 6.8 µm), the 
areas of epidermis, mesophyll, endodermis and central cyl-
inder were distinguished and element concentrations were 
extracted by encircling selected tissues. Relative element 
distribution in particular tissue was calculated on the basis 
of element concentration in this tissue and the relative area 
proportion of this tissue in the needle, which were deter-
mined by measuring area of particular tissue in ImageJ to 
be: epidermis 29%, mesophyll 41%, endodermis 10% and 
central cylinder 17%. In the zoomed region of the central 
cylinder (resolution: 2.2 µm), the element concentrations 
were retrieved by point extraction (n = 15–30 points from 
the following tissues: epidermis, mesophyll, endodermis, 
transfusion parenchyma, sclerenchyma, xylem, phloem, 
transfusion tracheids and Strasburger cells). Averages and 
standard errors were calculated and graphs were generated 
in Excel or in SigmaPlot version 13.0 (Systat Software, 
San Jose, CA, USA). For the separation of tissues based 
on their complete element profiles, element concentration 
in particular needle tissue were z-normalized (to elimi-
nate the differences in concentration ranges) and k-means 
clustering with random initialization was performed on 
cumulative z-normalized data. Clustering analysis and 
hyperspectral image depicting tissues with distinctive 
element profile were generated in Orange 3.13 software 
(Toplak et al. 2017).

Results and discussion

Bulk element concentration in Scots pine needles

Total concentrations of essential, beneficial and non-
essential elements measured in Scots pine needles and 
the published sufficiency ranges are shown in Table 1. 
Comparison of measured concentrations with ranges pro-
posed as sufficient for Scots pine seedlings (Ingestad 1962) 
revealed that only concentration of Mg was in sufficiency 
range, concentrations of K and S were below sufficiency 
threshold, concentration of P was borderline sufficient 
and concentrations of Ca were above sufficiency thresh-
old. Braekke and Salih (2002) proposed sufficiency val-
ues without upper ranges for Scots pine, and comparison 
with our measurements revealed sufficient concentrations 
of micronutrients B, Mn, Fe, Cu and Zn and of macronu-
trients Mg and S, and concentrations of P and K bellow 
sufficiency threshold. Sufficiency ranges proposed for the 
Scots pine (Ingestad 1962; Braekke and; Salih 2002) do 
not differ substantially from those suggested for crops by 
White and Brown (2010), which enabled us to conclude 
on the remaining essential, beneficial and non-essential 
elements measured in Scots pine needles. The comparison 
revealed that Cl was in sufficiency range, while Ni was 
above sufficiency threshold but still below toxicity thresh-
old (proposed at 20–30 mg kg−1) (White and Brown 2010). 
Of the beneficial elements, Na was below threshold con-
sidered to be beneficial, while Al was above the proposed 
threshold. Of non-essential elements, concentration of Cr 
was above the set threshold for toxicity, while concentra-
tions of Cd and Pb were below this threshold. Altogether, 
needle element profiles of our Scots pines point to S and 
K deficiency accompanied by Al and Cr toxicity. However, 
no visible deficiency or toxicity symptoms were present 
indicating that the concentrations measured sufficed for 
normal physiological processes. For Mn, concentrations 
around 250 mg kg−1 dry matter were reported as adequate 
for maximal growth of Scots pine seedlings (Kavvadias 
and Miller 1999), therefore, the measured value, which 
was well above sufficiency threshold proposed by (White 
and Brown 2010) should not be considered toxic for Scots 
pine trees studied. Different environmental factors have 
been shown to affect mineral nutrition of gymnosperms. 
For example, P, K, Ca and Mn deficiencies and Al tox-
icity have been linked to air pollution in Masson’s pine 
(Pinus massoniana L.) (Kuang et  al. 2007). However, 
relatively low Pb and Cd concentrations measured in our 
study, does not indicate considerable industrial or traffic 
based air pollution. In addition, the location of study area 
in the Neris Regional Park, where economic activities are 
limited, excludes any anthropogenic impact. On the other 
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hand, large Al, Fe and Mn concentrations in needles indi-
cate substantial soil acidity, which is known to increase 
bioavailability of these three elements in soils (Bromfield 
et al. 1983; Taiz and Zeiger 2006). Soil analyses were 
beyond the aims of our study, therefore, any substantiated 
conclusions cannot be made.

Distribution of tissues in needle cross‑section

Middle parts of Scots pine needles were cryo-fixed, cryo-
sectioned and freeze–dried. In these freeze–dried sections 
the following tissues were distinguished: epidermis, meso-
phyll, endodermis, resin duct, phloem, xylem, transfusion 
parenchyma, transfusion tracheids, Strasburger cells and 
sclerenchyma (Fig. 1) (Liesche et al. 2011). In the auto-
fluorescence image obtained by UV excitation, chlorophyll 
fluoresces in red (dominating in mesophyll and transfusion 
parenchyma cells), while the blue fluorescence represents a 
combination of suberin and lignin in the cells walls (Don-
aldson and Williams 2018), apparent in all the remaining 
tissues. Increased lignification and suberisation is visible 
in the radial cell walls of the endodermal cells (Fig. 1a), 
resembling a Casparian strip. Sclerenchyma in the central 
cylinder and surrounding resin ducts are clearly seen in the 
bright-field image (Fig. 1b).

Tissue‑specific distribution of elements in needle 
cross‑section

The needle cross-sections were analysed using micro-
PIXE and quantitative distribution maps of Mg, S, Ca, P, 
K, Cl, Mn, Fe, Zn, Al and Si in a representative whole-
needle cross-section (resolution: 6.8 µm) are shown in 
Fig. 2, while zoomed area of the central cylinder (resolu-
tion: 2.2 µm) is shown in Fig. 3. A tissue-specific distribu-
tion of elements is apparent from these distribution maps, 
with most striking allocation of Ca to epidermis and a 
substantial allocation of Mg, S and Mn to endodermis, 
which could be due to transport limitations for these min-
eral elements connected with the existence of the extracel-
lular diffusion barrier, i.e., Casparian strip. In angiosperm 
leaves, bundle sheath cells play a similar metabolic role 
(Leegood 2008; Wigoda et al. 2017), although they gener-
ally lack Casparian strip. As argued in the introduction, 
the needle endodermis in gymnosperms resembles the root 
endodermis both in the morphology as well as in func-
tion: it is a bottleneck for outward transport of water and 
mineral nutrients (Liesche et al. 2011) and it contributes 
to the regulation of carbohydrate export from the needles 
(Liesche and Schulz 2018). Surprisingly, xylem unloading 

Table 1  Measured 
concentrations (mg kg−1 dry 
matter) of magnesium (Mg), 
sulphur (S), calcium (Ca), 
phosphorus (P), potassium (K), 
manganese (Mn), iron (Fe), 
zinc (Zn), copper (Cu), boron 
(B), nickel (Ni), chlorine (Cl), 
sodium (Na), aluminium (Al), 
silicon (Si), chromium (Cr), 
cadmium (Cd) and lead (Pb) 
in Scots pine needle and the 
published sufficiency ranges for 
Scots pine seedling (Ingestad 
1962), for spruce and Scots pine 
(Brække and Salih 2002) and 
for crops (White and Brown 
2010)

Concentrations below sufficiency threshold are highlighted in italics and those above toxicity threshold are 
highlighted in bold
nd not determined
a Beneficial element
b Not essential element (values indicate proposed ranges where toxicity occurs)

Element This study Ingestad (1962) Braekke and Salih 
(2002)

White and Brown (2010)

Mg 1268 ± 35.9 1,200–1,800 > 800 1500–3500
S 916 ± 25.9 2,000–2,500 > 800 1000–5000
Ca 4978 ± 51.6 400–3,000 > 700 500–10,000
P 1472 ± 34.7 1,500–4,000 > 1,800 2000–5000
K 3728 ± 356 9,000–16,000 > 6,000 5000–40,000
Mn 175 ± 10.1 > 15 10–20
Fe 198 ± 8.84 > 20 50–150
Cu 8.3 ± 0.53 > 2 1–5
Zn 42.0 ± 2.57 > 12 15–30
B 12.3 ± 0.89 > 8 5–100
Ni 9.78 ± 0.05 0.1–1
Cl 320 ± 6.11 100–6000
Naa 24 ± 4.56 2000–5000
Ala 387 ± 41.3 40–200
Sia 2166 ± 314 nd
Crb 10.6 ± 0.03 1–2
Cdb 0.11 ± 0.00 5–10**
Pbb 1.37 ± 0.04 10–20**
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and phloem loading in gymnosperms remain substantially 
understudied mechanisms (Liesche and Schulz 2018).

Distribution maps in Figs. 2 and 3 were used to extract 
element concentrations from individual tissues. Tissue-
specific element concentrations from Fig. 2 were used to 
calculate relative element distribution (Fig. 4) in epider-
mis, mesophyll, endodermis and central cylinder by taking 
into account the surface proportion of the tissue in the 
needle. Detailed distribution map from Fig. 3 was used to 
depict tissue-specific element concentration (Fig. 5) for 
individual transfusion tissues as well. As observed in the 
distribution maps, most striking was the Mn allocation 
to endodermis in Scots pine needle, with on average 40% 
of total Mn in the needle found in this tissue and with an 
average concentration of 8000 mg kg−1 dry matter (Figs. 4, 
5). This indicates tolerance to extreme Mn concentrations 
of endodermal cells. Manganese tolerance in plants has 
been attributed to Mn binding to oxalate (Dou et al. 2009), 
which may have taken place in the endodermis of Scots 
pine needle. Although we have no data for oxalate concen-
tration in different needle tissues, the presence of oxalate 

in endodermis may be inferred from large Ca concentra-
tions in this tissues, since oxalate is a typical Ca ligand 
(Franceschi and Nakata 2005). Numerous reports on Ca 
oxalate crystals in conifer needles (Fink 1991a) further 
support this indirect conclusion. Alternatively, Mn could 
be bound to S-compounds (note increased S allocation to 
endodermis). Further studies will have to be performed 
to answer these questions. We can, however, hypothesise 
that immobilisation of Mn in endodermis prevents exces-
sive Mn concentration in mesophyll, where it may nega-
tively interfere with photosynthetic processes (Fernando 
and Lynch 2015). In spruce needles, large Mg and K con-
centrations have been found in mature endodermis cells, 
where P and S were suggested to represent the major part 
of the potentially inorganic counter-ions for this increased 
Mg and K concentrations (Stelzer et al. 1990). Similarly, 
endodermis of Scots pine needle was enriched in Mg and 
S, but not in K and P (Figs. 2, 3, 4, 5), indicating that 
major inorganic anion for the endodermis enrichment 
of Mg and Mn is S (as sulphate) and presumably oxalic 
acid, which has been previously implicated in Mn toler-
ance (Dou et al. 2009). Additionally, charge balance may 
be controlled by Cl, however, the endodermis contained 
only 11% of the total Cl in the needle (Fig. 4), hence this 
may not suffice for effective counter balance; or by nitrates 
and other organic anions (these were not measured in this 
study). It appears that the endodermal cells may in addi-
tion to having Mn tolerance character serve as a storage 
buffer for maintaining homeostasis of Mg and S nutrition, 
as proposed by Stelzer et al. (1990).

The largest concentrations of Ca and the largest propor-
tion of Ca were found in epidermis (Figs. 4, 5), where its 
deposition was irregular with numerous intermissions, pre-
sumably stomatal apertures in the epidermis (stomata can 
be seen in Fig. 1). Calcium allocation to epidermis is a con-
sequence of this element being transported mainly with the 
transpiration stream (Hawkesford et al. 2012) and whose 
distribution can be restricted by Casparian strip at the endo-
dermis. Similarly, the largest Ca concentration in needle 
epidermis was found in white pine (Hodson and Sangster 
2002) and in Scots pine and Swiss pine (P. cembra L.) (Fink 
1991a). The latter two species, in contrast to other conifers, 
also contained Ca oxalate crystals in phloem parenchyma 
(Fink 1991a), similar to Ca hotspots seen in the vicinity of 
phloem tissues in our cross-section (Figs. 2, 3). In epidermis 
of Scots pine, Ca oxalate crystals were found intracellularly, 
unlike in other conifer needles, where majority of Ca was 
deposited in Ca oxalate crystals intercellularly in the epider-
mis, particularly in the cuticular layer (Fink 1991a, b). The 
resolution of our Ca distribution maps, unfortunately, does 
not allow discerning Ca oxalate crystals in our Scots pine 
needle cross-sections, but it suggests within-cell and cell-
wall allocation of Ca to epidermis and endodermis.

Fig. 1  Scots pine needle cross-section photographed using a light 
microscope with UV excitation at 365 nm resulting in tissue autofluo-
rescence (a), the same section photographed in the bright field (b). 
x xylem, ph phloem, asterisks indicate the radial thickening of the 
endodermal cells resembling the Casparian strip
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Fig. 2  Distribution maps of magnesium (Mg), sulphur (S), calcium 
(Ca), phosphorus (P), chlorine (Cl), potassium (K), manganese (Mn), 
iron (Fe), zinc (Zn), aluminium (Al) and silicon (Si) and a co-locali-

sation image (bottom right) of K (in red), Ca (in green) and Mn (in 
blue) in a cross-section of Scots pine needle. Colour legends to dis-
tribution maps are in mg kg−1 dry matter; scale bar indicates 500 µm
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Fig. 3  Detailed distribution maps of magnesium (Mg), sulphur (S), 
calcium (Ca), phosphorus (P), chlorine (Cl), potassium (K), manga-
nese (Mn), iron (Fe), zinc (Zn), aluminium (Al) and silicon (Si) and a 
co-localisation image (bottom right) of Zn (in red), Mn (in green) and 

Ca (in blue) in a cross-section of Scots pine needle. Colour legends 
to distribution maps are in mg  kg−1 dry matter; scale bar indicates 
200 µm
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Potassium, P, S and Cl were reported to be ubiquitously 
distributed in white pine needle tissue (Hodson and Sangster 
2002) and this is generally in line with our results. Meso-
phyll was tissue of primary allocation of K, P, S and Cl 

(65%, 65%, 53% and 52%, respectively) and minimal allo-
cation to epidermis (8%, 8%, 19% and 11% respectively; 
Fig. 4). Substantial allocation of P to mesophyll was pro-
posed for a typical monocotyledonous plant which contrasts 
P allocation to epidermis of dicotyledonous plants (Conn 
and Gilliham 2010). Inverse allocation of Ca [predomi-
nant allocation of Ca to epidermis in leaves of monocots, 
and predominant Ca allocation to mesophyll was proposed 
for dicotyledonous plants (Conn and Gilliham 2010)] to P, 
observed also in Scots pine needle, was proposed as a feasi-
ble mechanism preventing precipitation of P with Ca (White 
and Broadley 2003; Conn and Gilliham 2010; Hayes et al. 
2018). In monocots, Mg and S were suggested to accumu-
late in mesophyll, while in dicots, Mg was reported to be 
located in epidermis (Conn and Gilliham 2010). There is 
no such generalisation made for tissue-specific allocation 
of elements suggested for conifers. In Scots pine needle, 
mesophyll was the largest pool for all elements, except for 
Ca and Mn (Fig. 4), which is due to mesophyll occupying the 
largest proportion of the needle (at 41%). In central cylinder, 
where transfusion tissues are located, Zn dominated (22% of 
total Zn) and the element with the least contribution to this 
tissue was Ca (6% of total Ca; Fig. 4).

Distribution of elements in transfusion tissues

To capture transfusion tissues in greater detail, distributions 
of elements in these tissues were mapped and tissue-spe-
cific distribution of elements is shown in Fig. 3. Apparent 
tissue-specific element profiles were utilised to distinguish 
transfusion tissues in central cylinder as follows: xylem was 
characterised by Mg accumulation, phloem by Mn and K 
accumulation, transfusion parenchyma by Zn accumulation, 
Strasburger cells by P accumulation and transfusion trac-
heids by no apparent accumulation. Similar to transfusion 
tracheids, resin ducts and associated sclerenchyma and the 
sclerenchyma in the central cylinder had the least of ele-
ments allocated when compared to other tissues (Fig. 3). 
In transfusion parenchyma the largest concentrations of Zn 
were detected, while in Strasburger cells the largest concen-
trations found were those of P. The largest concentration 
of Si in the transfusion tissues at the tip of the white pine 
needle, and substantial concentrations of Al in the epidermis 
of the needle base and in the transfusion tissue along the 
needle (Hodson and Sangster 2002), was not supported by 
our observation that Al and Si were evenly distributed in the 
Scots pine needle tissues (Figs. 2, 3, 4, 5). It may as well be, 
that the location of our cross section may be decisive of this 
observations, as the tips, as the endpoint of the transpiration 
stream are believed to be largest deposition areas of nitrogen, 
B and Al in Scots pine needles from uncontaminated sites 
(Giertych et al. 1997). By contrast, concentrations of Mg, 
K, S, Zn and Ni decreased from the base of the needle to 

Fig. 4  Relative element profile in tissues of Scots pine needle (as per-
centages of total content) calculated from tissue-specific concentra-
tions obtained by micro-PIXE mapping (distribution maps in Fig. 2) 
and the relative surface proportions of the needle tissues (epidermis 
29%, mesophyll 41%, endodermis 10% and central cylinder 17%). 
Elements: magnesium (Mg), sulphur (S), calcium (Ca), phosphorus 
(P), chlorine (Cl), potassium (K), manganese (Mn), iron (Fe), zinc 
(Zn), aluminium (Al) and silicon (Si)

Fig. 5  Tissue-specific concentrations (mg  kg−1 dry matter) of mag-
nesium (Mg), sulphur (S), calcium (Ca), phosphorus (P), potassium 
(K), chlorine (Cl), manganese (Mn), iron (Fe), zinc (Zn), aluminium 
(Al) and silicon (Si) in Scots pine needle. Shown are means ± stand-
ard errors (number of points for the extraction of concentrations from 
tissues in Fig. 3 was 15–30)
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the tip (Giertych et al. 1997). In line with this is an apparent 
discrepancy between bulk profile of the elements (Table 1) 
and the element profiles obtained by micro-PIXE on needle 
cross section (Fig. 6), particularly for Mg, S, Cl, Mn, Al 
and Si concentrations. To fully support these observations, 
element distribution maps of cross-sections at the tip and on 
the base of needles should also be evaluated.

Clustering of element profiles

Hitherto, tissue-specific distribution of a single element 
was discussed, even if it was clear that each tissue could 
be described by a combination of elements. To separate tis-
sues based on overall element profile of a particular tissue, 
k-means clustering method on z-normalised concentrations 
in each tissue was performed. This approach resulted in four 
distinctive clusters in the needle tissue (Fig. 6), while one 
cluster (C1) belonged to the background. Clusters with cen-
troid values for particular elements above zero were consid-
ered to be rich in that element(s). Element profile of cluster 
2 (C2), which is depicted in blue in Fig. 6a, b differentiated 
mesophyll, xylem, phloem, transfusion tracheids and Stras-
burger cells from other tissues; the largest centroid in this 
cluster belonged to K. Element profile of cluster 3 (C3), 
which is depicted in red in Fig. 6a, b, differentiated epider-
mis from other tissues; the largest centroid in this cluster 
belonged to Ca. Element profile of cluster 4 (C4), which 
is depicted in green in Fig. 6a, b differentiated transfusion 
parenchyma from other tissues; the largest centroid in this 
cluster belonged to Zn. Element profile of cluster 5 (C5), 
which is depicted in orange in Fig. 6a, b, differentiated endo-
dermis from other tissues, the largest centroids in this cluster 

belonged to Mg, Mn and S. These four clusters can be used 
uniquely to identify elemental signatures of tissues in Scots 
pine needles.

Conclusions

Cross-sections of Scots pine needles were mapped using 
micro-particle-induced X-ray emission to investigate distri-
bution of elements in a quantitative manner. Tissue-specific 
distribution maps and concentrations revealed conspicuous 
allocation of Mg, S and Mn to endodermis and of Ca to epi-
dermis. Detailed analysis on the transfusion tissues enabled 
us to assign allocation of Zn to transfusion parenchyma, Mn 
and K to phloem, Mg to xylem and P to Strasburger cells. 
Because mesophyll occupies the largest proportion of the 
needle, the largest proportion of the majority of elements 
studied was found in this tissue. The only exceptions were 
Ca (in epidermis) and Mn (in endodermis). Results obtained 
significantly advance our current understanding of element 
allocation in needles and are anticipated to complement 
structural and functional knowledge of needle tissues.
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