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follow-up investigations using synchrotron-based 
X-ray fluorescence microscopy (XFM).
Results The systematic XRF screening of herbarium 
specimens showed that numerous species have high 
foliar Mn and Ni with species either accumulating 
Ni or Mn, but not both elements simultaneously. Soil 
‘extractable’ Mn and Ni concentrations associated 
with Pancheria reticulata and P. xaragurensis greatly 
varies between the species. The XFM data shows 
that P. reticulata has a distinctive distribution pattern 
with Mn concentrated in large hypodermal cells. This 
contrasts with P. xaragurensis where Ni was mainly 
localized in and around the epidermis, and hypoder-
mal cells were not observed.

Abstract 
Purpose The Cunoniaceae are a major component 
of the New Caledonian flora with 91 endemic spe-
cies that are highly unusual in that multiple metals are 
hyperaccumulated in different species. This makes it 
an ideal model system for studying the nature of the 
hyperaccumulation phenomenon.
Methods X-ray fluorescence spectroscopy (XRF) 
scanning of all herbarium collections of the Cunoni-
aceae was undertaken at the Herbarium of New Cal-
edonia to reveal incidences of nickel (Ni) and man-
ganese (Mn) accumulation. Following on, the Mn 
hyperaccumulating P. reticulata and the Ni hyperac-
cumulating P. xaragurensis were selected for detailed 
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Conclusions Manganese and Ni accumulation are 
differently localized in Pancheria species growing on 
ultramafic soils, which is not explained by contrast-
ing soils conditions, but represents different ecophysi-
ological adaptations.

Keywords Cunoniaceae · Elemental mapping · 
Hyperaccumulator · Manganese · Nickel · New 
Caledonia · Ultramafic soils · XRF

Introduction

Hyperaccumulators are a group of rare plants that are 
capable of concentrating exceptionally high levels of 
specific metals or metalloids into their living tissues 
(Baker and Brooks 1989; Reeves 2003; van der Ent 
et  al. 2013). Hyperaccumulator plants have evolved 
specific root uptake and foliar sequestration mecha-
nisms to attain these very high concentrations of met-
als/metalloids in their shoots (Baker 1981; Krämer 
2010; Pollard et  al. 2002). The hyperaccumulation 
phenomenon is  mainly known for nickel (Ni), and 
Ni hyperaccumulators represent ~70% of the ~700 
hyperaccumulator species recorded to date (Reeves 
et  al. 2017). Manganese hyperaccumulators are unu-
sual among other trace metal(loid) hyperaccumulators, 
because Mn concentrations are relatively high in most 
soils and  this element is essential for normal  plant 
growth (Loneragan 1988). Until recently, there were 
only 42 known Mn hyperaccumulator species world-
wide (Manara et al. 2020; Reeves et al. 2017), but it 
now appears that Mn hyperaccumulation has been 
overlooked with the discovery of 74 Mn hyperaccu-
mulator taxa in New Caledonia (Gei et al. 2020a) and 
51 Mn hyperaccumulator taxa in Sabah, Malaysia (van 
der Ent et  al. 2019b). Elemental analysis of leaf tis-
sue samples has typically been undertaken via Atomic 
Absorption Spectrophotometry (AAS) or Inductively 
Coupled Plasma-Atomic Emission Spectroscopy (ICP-
AES) (e.g. Fernando et  al. 2009; Jaffré 1979; Kelly 
et  al. 1975; Reeves et  al. 1996), after mineral acid 
digestion of dry foliar samples. This process is time-
consuming and inherently destructive, but handheld 
X-ray fluorescence spectroscopy (XRF) devices have 
enabled non-destructive analysis of massive numbers 
of herbarium specimens (Gei et  al. 2020b; van der 
Ent et  al. 2019a, b). This new XRF-based  approach 
has  already considerably increased the number of 

known Mn hyperaccumulating species, suggesting 
that this trait was largely under-reported (Gei et  al. 
2020b; van der Ent et al. 2019b).

Hyperaccumulators differ from non-hyperaccumu-
lators in their enhanced root uptake, efficient long dis-
tance transport mechanisms from roots to leaves and 
efficient compartmentalization of metal ions in vacu-
oles and/or the apoplast of foliar cells (Sharma et al. 
2016). The exact localization of metals within the 
leaf is of central significance because it might inter-
fere with metabolic processes such as photosynthesis. 
Investigations based on X-ray fluorescence techniques 
(including synchrotron-based X-ray fluorescence 
microscopy  or XFM and nuclear proton-beam or 
microPIXE) have been applied to study the Mn locali-
zation for several known Mn hyperaccumulator genera 
(Gossia, Virotia, Grevillea, Denhamia, Garcinia). In 
contrast to other hyperaccumulators (such as for  Ni, 
Zn) examined to date, where the metal is preferentially 
compartmentalized in the vacuoles of epidermal cells, 
or in the interstitial space of leaves, Mn hyperaccumu-
lators exhibit diverse detoxification ecophysiologies 
(Fernando et  al. 2008a, 2012, 2007). Manganese has 
variously been found to be primary localized in pho-
tosynthetic (palisade mesophyll cells), or lower to 
non-photosynthetic (epidermal and hypodermal cells, 
spongy mesophyll cells) tissues or in both tissue types 
(Fernando et al. 2008a, 2012, 2007).

Two areas of the world are especially renowned 
for their richness in metal hyperaccumulator plants: 
Cuba (Reeves et al. 1996, 1999; Belloeil et al. 2021) 
and New Caledonia (Gei et  al. 2020b; Jaffré et  al. 
2013). These islands both have large surface areas of 
ultramafic outcrops where most of the metal hyper-
accumulators (particularly those for  Ni) have been 
reported. Soils derived from ultramafic rocks pose 
strong edaphic pressures to plant growth and are typi-
cally characterised by a highly characteristic vegeta-
tion assembly (Kazakou et  al. 2008; Proctor 2003), 
and this is particularly noteworthy in New Caledonia 
(Isnard et  al. 2016). New Caledonia is globally rec-
ognized for its extremely high levels of diversity of 
the vascular flora with a remarkable endemism at the 
species-level (74.7%, Morat et  al. 2012; Munzinger 
et al. 2022. [continuingly updated]) and at the higher 
taxonomic level (Pillon et al. 2017). A major compo-
nent of this flora is the Cunoniaceae, a woody plant 
family of 27 genera and ~ 335 species predominantly 
occurring in the Southern Hemisphere (Bradford 
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et al. 2004). The Cunoniaceae is most diverse in New 
Caledonia with 91 endemic species (Hopkins et  al. 
2014) and it was one of the first tropical plant families 
in which Ni hyperaccumulation has been reported, 
particularly in the genus Geissois (Jaffré 1980; Jaf-
fré et al. 2013; Pillon et al. 2014). The recent screen-
ing of the Herbarium of New Caledonia (NOU) with 
XRF technology (Gei et al. 2020b) has confirmed that 
metal (hyper)accumulation (particularly for  Mn and 
Ni) is common in this family. The Cunoniaceae are 
a rare example of a plant family where multiple met-
als are hyperaccumulated in different taxa, and this 
makes this taxonomic group an ideal model system to 
increase the understanding of the evolution, adapta-
tions and ecophysiology underlying the accumulation 
of different transition metals.

In our current work, we re-analysed the raw XRF 
data  previously acquired from the  New Caledonian 
Cunoniaceae using an improved quantification model, 
and then focussed on two taxa: the Mn hyperaccumu-
lator Pancheria reticulata and the Ni hyperaccumu-
lator Pancheria xaragurensis, for further investiga-
tions. We used synchrotron-based X-ray fluorescence 
microscopy (XFM) to determine the tissue-level 
distribution of Mn, Ni, and other elements. We also 
analysed field collected plant tissue samples of both 
taxa and their  associated soil chemistry. The aim of 
this study is to use the Cunoniaceae as a model sys-
tem for studying the nature of the hyperaccumulation 
phenomenon and to identify shared mechanisms or 
differences in the accumulation of the two metals in 
two contrasting species of Pancheria.

Materials and methods

Herbarium XRF screening of Cunoniaceae herbarium 
specimens

The Cunoniaceae in New Caledonia have a strong pref-
erence for ultramafic substrates (mainly occurring on 
Ferralsols, at middle and high altitude and on hydromor-
phic soils at lower altitude) with 66 of the 91 endemic 
species recorded on ultramafic soils, and 25 species are 
nearly always restricted to non-ultramafic substrates 
(Hopkins et  al. 2014). A total of 2519 specimens of 
Cunoniaceae from New Caledonia, representing all 91 
native species (Suppl Info), were analysed at the Her-
barium of New Caledonia (NOU). The classification 

here follows the recent taxonomic treatment by Hopkins 
et  al. (2014) with the transfer of Weinmannia species 
to  the genus Pterophylla (Pillon et  al. 2021a), hybrid 
taxa were excluded, and infraspecies were not distin-
guished. The methods used have been described in detail 
elsewhere (Gei et  al. 2020b). A handheld XRF device 
(Thermo Fisher Scientific Niton XL3t 950 GOLDD+) 
was used to measure the elemental concentrations of Ni 
and Mn in the leaves of the herbarium specimens. Fol-
lowing completion of the earlier  extensive herbarium 
XRF screening study at the Herbarium of New Caledo-
nia (NOU) (Gei et al. 2020b), the calibration model for 
XRF measurements was  further improved (Paul et  al. 
2020a). This revised calibration (which has an improved 
regression fit of  R2 0.97 for Mn) was used in this study 
to determine the concentrations of Mn in the Cunoni-
aceae family with greater accuracy. For each species and 
element, the median rather than the mean was used, as 
means are more sensitive to extreme values, which are 
common in this dataset and could not be calculated for 
many species when most specimens had values below 
the limit of detection (LOD for Mn 455 μg  g−1 and for 
Ni 107 μg  g−1).

Collection of Pancheria samples for bulk chemical 
analyses

Two species of Pancheria were selected for the fol-
low-up investigations: Pancheria reticulata Guil-
laumin, which is a Mn hyperaccumulator, and Panche-
ria xaragurensis H.C. Hopkins & Pillon, which is a 
Ni hyperaccumulator (Fig.  1). Pancheria reticulata 
is a New Caledonia endemic shrub that sparsely 
occurs on Grande Terre, exclusively growing on ultra-
mafic soils, on the northern mining massif of the west 
coast, but also in the south. It is found in shrubland 
(locally called “maquis”) and occasionally in forest at 
mid and high altitude (600–1200 m asl). The samples 
(n = 10 biological replicates) of P. reticulata were 
collected from a single population located at Mont 
Mou (22°4′32.58”S, 166°20′23.94″E, altitude 680 m) 
in the southern massif, in open ligno-herbaceous 
maquis on a strongly weathered Ferralsol. Pancheria 
xaragurensis is a shrub endemic to the south-east of 
Grande Terre in the region of Thio and Côte Oubliée. 
It is found in low altitude scrubland exclusively on 
ultramafic soils, especially along waterways (Hop-
kins et al. 2014; Hopkins and Pillon 2011). The sam-
ples of P. xaragurensis (n = 5 biological replicates) 
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were collected from a single population at Thio 
on alluvial terrace, in a  bushy maquis along  the Tô 
De river (21°41′11.96”S, 166°20′14.35″E, altitude 
10  m). In addition (for chemical analysis only), two 
other Pancheria species were collected to confirm 
the veracity of the herbarium  XRF analysis (Suppl 
Table  2). These are: P. engleriana Schltr., which is 
a Ni hyperaccumulator and collected at Mont Mou 
(22° 4′26.92”S, 166°20′32.28″E, altitude 700 m) and 
Pancheria multijuga Guillaumin ex H.C.Hopkins & J. 
Bradford, which is a Mn hyperaccumulator collected 
in shrubland on Mont Humboldt (21°52′39.26”S, 
166°24′52.29″, altitude 1300  m). Plant tissue sam-
ples (n = 2 biological replicates for P. engleriana and 
n = 1 biological replicate for P. multijuga): young/api-
cal leaves, old/basal leaves, branches (woody stems), 
wood, bark tissue including phloem, fine roots, for 
elemental analysis were oven dried at 70 °C for five 
days. The bark and wood samples were obtained by 
stripping  it from branches using a sharp stainless-
steel knife. The samples were weighed and ground 
to a fine powder and subsequently acid digested with 
4 mL  HNO3 (70%) in a  digestion microwave (Mile-
stone, model Start D) using a 45-min programme. 
The samples were brought to volume (40  mL) with 
ultrapure water before analysis using Inductively 

coupled plasma atomic emission spectroscopy (ICP-
AES) with a Thermo Scientific iCAP 7400 instru-
ment as described previously (Paul et al. 2020a, b).

Collection and chemical analysis of soils associated 
with P. reticulata and P. xaragurensis

The soil samples were collected from around the 
base (e.g., within 25  cm of the trunk) of 10 dif-
ferent P. reticulata plants growing on Mont Mou 
and of 5 different P. xaragurensis plants growing at 
Tô De River, from a depth of 0–15 cm, after remov-
ing the litter. The soil samples were air-dried and 
sieved (<2  mm). Soil pH was measured in a 1:2.5 
soil:water slurry after 2 h of shaking using a glass 
electrode (Ionode using a ‘soil probe’). Exchange-
able transition elements were analysed by extraction 
using 0.1  M Sr(NO3)2 solution in a soil:solution 
ratio of 1:4 (10  g soil: 40  mL solution) and 2  h 
shaking time, while phytoavailable trace elements 
were extracted in diethylenetriamine penta-ace-
tic acid (DTPA-extractant) solution adapted from 
(Lindsay and Norvell 1978) as described previously 
(Paul et al. 2020a, b) and then analysed using ICP-
AES as for the plant material samples.

Fig. 1  Pancheria reticulata 
and P. xaragurensis in the 
native habitat. Panel a P. 
reticulata at Mont Mou in 
New Caledonia, branches 
with leaves and infructes-
cences. b P. reticulata cut 
bark of stem exhibiting 
orange colour c P. xaragu-
rensis at Thio along Tô De 
river
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Collection and processing of P. reticulata and P. 
xaragurensis specimens for XFM

Due to the remote access to the field locations in New 
Caledonia and logistical challenges with travel to 
Germany, we were unable to analyse fresh-hydrated 
specimens for P. reticulata. Hence, specimens were 
freeze-dried (as described below) so that they could 
be kept until the synchrotron XFM experiment took 
place. However, we were able to collect specimens 
of P. xaragurensis and bring them in fresh-hydrated 
state to Germany (within two days after collection) 
for the synchrotron XFM experiment in a subsequent 
session. The P. reticulata specimens (leaves) were 
obtained by cutting leaf portions with a razor blade 
and immediately shock-frozen (employing the metal 
mirror method) to affect rapid freezing of the tis-
sues to limit cellular damage by the formation of ice 
crystals (Fernando et al. 2013). The specimens were 
stored in a liquid nitrogen vapour cryogenic container 
(at least −190  °C). The specimens were cut (30-μm 
slices) with a cryo-microtome (Leica CM1950 Clini-
cal Cryostat) at −30  °C and finally freeze-dried (in 
a Thermoline freeze-dryer). The lyophilization pro-
cess begun at −196  °C with the frozen specimens 
in thermal contact with a large stainless-steel block 
cooled in liquid nitrogen in the freeze-dryer and 
then progressed slowly by increasing the temperate 
in 5  °C increments until reaching room temperature 
(the whole process took four days). The freeze-dried 
specimens were then stored in a desiccator until XFM 
analyses, as described below. The sample prepara-
tion methods may conceivably influence the localiza-
tion of certain elements, depending on their distribu-
tion or form prior to sublimation. However, a careful 
slow freeze-drying process does not lead to structural 
changes or elemental distribution, even at the cellular 
scale (Tylko et al. 2007a, b; Wang et al. 2013).

X-ray fluorescence microscopy (XFM) of P. 
reticulata and P. xaragurensis

The X-ray fluorescence microscopy (XFM) experi-
ment was performed at the PETRA III (Deutsches 
Elektronen-Synchrotron; DESY) at beamline P06 
that has a cryogenically cooled double-crystal mon-
ochromator with Si(111) crystals and a K/B mirror 
system that focusses a beam of  1011 photon/s down 
to 300 nm size in the energy range 5–21 keV (Schroer 

et al. 2010). The data for P. reticulata was collected 
using the Maia detector, which has an annular array 
of 384 silicon PIN-diode elements operated at nor-
mal incidence geometry (Ryan et al. 2018). The data 
for P. xaragurensis was obtaned using a silicon drift 
detector (Hitachi Vortex EM-90, 80   mm2) operated 
in 90-degree geometry. The reason for using different 
detection systems is that the Maia detector was dam-
aged and not operational at the time of the experi-
ment for P. xaragurensis. In both cases, an incident 
energy of 12 keV was used to excite all elements of 
interest. The freeze-dried specimens of P. reticulata 
were held between two sheets of Ultralene thin film 
(4 μm) mounted over a frame attached to the motion 
stage at atmospheric temperature (~20 °C). The fresh/
hydrated samples of P. xaragurensis specimens were 
similarly mounted, and cross-sections made by hand 
cutting using a stainless-steel razor blade (‘dry knife’ 
method) and immediately analysed.

Data processing of XFM data

The XFM data collected with the Maia detector was 
analysed using GeoPIXE software (Ryan and Jamie-
son 1993; Ryan 2000; Ryan et al. 1990), whereas the 
XFM data collected with the silicon drift detector was 
analysed using PyMCA software (Solé et  al. 2007), 
and exported into ImageJ as greyscale 16-bit TIFF 
files, and visualized using ImageJ’s “Fire” lookup 
table (Schneider et  al. 2012). The matrix file used 
for the spectra fitting was an assumed freeze-dried 
plant material composition of  C31O15H51N2S0.8 with 
a density of 0.75  g   cm−3, and for fresh samples the 
composition was  C7.3O33H59N0.7S0.8 with a density 
of 0.90  g   cm−3 and considering two layers of 4  μm 
Ultralene (van der Ent et al. 2019c). Note that the val-
ues reported for the fresh specimens will report per 
unit hydrated weight and the values for the freeze-
dried specimens as dry weight.

Results

Incidence of nickel and manganese (hyper)
accumulation in the Cunoniaceae

Handheld XRF measurements on 2519 herbarium 
specimens revealed overall wide ranging foliar Mn 
and Ni concentrations of the  Cunoniaceae (Fig.  2). 
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Only 32 species, from the  over 91 investigated, had 
a median below the limit of detection for both Mn 
(LOD 455 μg  g−1) and Ni (LOD 107 μg  g−1), of these, 
11 occur only on ultramafic soils, 15 occur on non-
ultramafic soils, and six occur on both types of soils. 
Most of the species had relatively high concentrations 
of Ni or Mn, and in some cases, concentrations were 
very high and exceeded hyperaccumulation thresholds 
(Ni >1000 μg  g−1, Mn >10,000 μg  g−1). The distribu-
tion of the median for Ni concentrations is relatively 
continuous (but note that the graph is plotted on a 
log-scale), and high Ni concentrations (>100 μg  g−1) 
were only found in species growing on ultramafic 
soils (Fig.  2). In contrast, high Mn concentrations 
(>1000  μg   g−1) were also observed on non-ultra-
mafic soils (Fig.  2). Very few species had concomi-
tantly  high Mn and high Ni concentrations (Figs.  2 
and 3), and only three species had a median for both 
Ni and Mn above the LOD, but none of them reached 
the hyperaccumulation threshold for a given element.

No species of Hooglandia and Pterophylla were 
detected as  either Ni or Mn hyperaccumulators. In 
the genera Codia and Cunonia only a few species 
had median values close to the Ni hyperaccumulation 
threshold. In the genus Spiraeanthemum, only one spe-
cies, S. meridionale, had Mn values close to the hyper-
accumulation threshold. In the genus Geissois, seven 
species (out of 13 occurring in New Caledonia) were 
confirmed as Ni hyperaccumulators. In this genus only 

one species (G. belema) occurring on ultramafic soils 
had Ni foliar concentrations consistently below  the 
LOD for Ni. Pancheria was the only genus to contain 
both Ni and Mn hyperaccumulator species (Fig.  2). 
Two species, P. engleriana and P. xaragurensis, had 
high median Ni concentrations and clearly qualify 
as Ni hyperaccumulators (Fig.  3). Two other spe-
cies, Pancheria reticulata and P. multijuga, had much 
higher Mn concentrations than all of the other species 
and qualify as Mn hyperaccumulators. The investiga-
tion will further focus on two hyperaccumulators in the 
genus Pancheria: P. reticulata and P. xaragurensis.

Bulk elemental concentrations in soils

Soils associated with P. reticulata were acidic 
(pH 4.50–5.24) whilst those associated with P. xaragu-
rensis were slightly acidic to neutral and ranged from 
pH  5.77 up to pH  7.18 (Table  1). Typical for highly 
weathered Ferralsols, the total concentrations of Fe were 
extremely high (up to 471 g  kg−1 in the soils associated 
with P. xaragurensis), while concentrations of Cr, Mn, 
and Ni were also high (Table 1) with total concentrations 
of up to 7050 μg   g−1 and 16,700 μg   g−1; 7280 μg   g−1 
and 7600 μg  g−1, 2380 μg  g−1 and 11,500 μg  g−1 respec-
tively at the localities with P. reticulata and P. xaragu-
rensis. Other transition metals (Co and Zn) had low 
concentrations of <100  μg   g−1 in the soils associated 
with P. reticulata; though slightly higher in the soil of 

Fig. 2  Plot of Mn vs. Ni in 
New Caledonian Cunoni-
aceae. Each point represents 
a species, and median 
values were used to plot 
each species on a log-scale. 
Species substrate prefer-
ences are from Hopkins 
et al. (2014)
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P. xaragurensis (between 300 and 1000  μg   g−1). Fer-
ralsols derived from ultramafic rocks typically have low 
macro-nutrient concentrations. Calcium and K had low 
total concentrations in the soils of both species. The 
phytoavailability (DTPA-extractable) of Mn was moder-
ately high in both sites, unlike other transition elements 
(Co, and Zn) that had relatively low concentrations for 
New Caledonian ultramafic soils. Phytoavailability 
(DTPA-extractable) of Ni at P. reticulata locality was 
also somewhat low for New Caledonian ultramafic 
soils (<60 μg  g−1.), whilst the Ni concentration reaches 

200 μg  g−1 (mean value 102 μg  g−1) at P. xaragurensis 
site. The soil solution metal concentrations, estimated by 
the Sr(NO3)2 extraction, were low at both sites, except 
for Mn which was higher at the P. reticulata site com-
pared to the P. xaragurensis site.

Bulk elemental concentrations in Pancheria 
reticulata and P. xaragurensis tissues

The data obtained from bulk chemical  analysis 
(Fig. 4, Suppl Table 1) generally align with the XRF 

Fig. 3  Boxplots of Mn and Ni concentrations (log-scale) 
of Pancheria species  based on herbarium XRF data. Species 
restricted to ultramafic substrate (or almost always so) are 
shown in red, those restricted to non-ultramafic substrates in 
blue, and species occurring on both types  of soils are shown 
in green. Values below the limit of detection (LOD) were 

excluded. All measured values of Mn for P. minima and P. 
xaragurensis, of Mn for P. beauverdiana, P. rubrivenia, P. mul-
tijuga, P. mcphersonii, P. dognyensis, P. ouaiemensis, and P. 
minima, were below the LODs for Ni and Mn. A single value 
(out of 26) is above LOD for P. brunhesii 
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assessment of herbarium specimens of Pancheria retic-
ulata (Mn XRF values ranging 5300–35,200  μg   g−1) 
and Pancheria xaragurensis (Ni XRF values ranging 
1440–5490  μg   g−1) confirming the hyperaccumula-
tor status of these species. (Fig.  3). In both species, 
the concentrations greatly vary between the  plants, 
even though they were collected from the same site. 
Pancheria reticulata had particularly high foliar Mn 
concentrations, consistently above the hyperaccumula-
tion threshold (19,500–57,800 μg  g−1). The young and 

old leaves of P. reticulata similarly had very high mean 
Mn concentrations (mean value of ~31,000  μg   g−1) 
(Fig. 4). The branches were also strongly enriched in 
Mn with a mean of 19,200  μg   g−1, due to high Mn 
enrichment in both the wood and bark (including the 
phloem). In P. xaragurensis Ni concentrations were 
higher in old leaves, but much lower in branches 
(Fig.  4). The concentrations of the other trace ele-
ments Co, Fe, and Zn were uniformly low in all of 
the plant tissues (mean < 100 μg   g−1 for Co and Zn). 

Fig. 4  Boxplots of elemental concentrations (Ca, Mg, K, P) obtained with Inductively Coupled Plasma Atomic Emission Spectros-
copy (ICP-AES) analysis of different plant parts of Pancheria reticulata and P. xaragurensis 
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In both species, the concentrations of the elements Ca, 
K, P, Mg (Fig.  5) were comparable between  the old 
and young leaves, whilst P and K concentrations in the 
leaves were similar in both species.

Elemental localization in Pancheria reticulata

The elemental maps obtained from the synchrotron-
based XFM analysis were visually interpreted for 
localization of elemental distribution and prevailing 

relative concentrations estimated based on com-
parisons of the quantitative concentration scale and 
anatomical features in the maps. The data from the 
leaf cross-sections show that Mn had particularly 
high concentrations (30–40 g  kg−1) in the large cells 
of the adaxial hypodermis and in lower concentra-
tions in the abaxial epidermal cells, apoplastic space 
of the collenchyma, and more diffusely  occuring 
in the mesophyll (Figs.  6 and 7). The localizations 
of K and Mn are very similar, yet with a distinct 

Fig. 5  Boxplots of elemental concentrations (Co, Mn, Ni, Zn) obtained with Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES) analysis of different plant parts of Pancheria reticulata and P. xaragurensis 



Plant Soil 

1 3
Vol.: (0123456789)

difference in the midrib xylem where there is hardly 
any prevailing Mn, whilst K concentrations are high 
(~10 g   kg−1) (Fig. 6). Overall Ni is relatively low in 
the leaves,  it  is  present in the upper epidermis, but 
in negligible quantities (max ~200  μg   g−1) (Fig.  6). 
Phosphorous, S, and Ca (50–100 g  kg−1) are concen-
trated in the collenchyma and the spongy mesophyll 
(Fig. 6). The upper epidermis and palisade mesophyll 
appear to have very low prevailing concentrations of 
P and Ca, whilst spots of <10 g  kg−1 S are homogene-
ously scattered there. The portion of the freeze-dried 
leaf lamina cross-sections (Figs.  7 and 8) originate 
from different portions of the same sample at differ-
ent dimensions, resolutions, and dwell time. These 
elemental maps confirm the distributions and concen-
trations of P, K, Ca, and Mn as presented in Fig. 5. 
Phosphorus, S and Ca are co-localized while K and 
Mn are co-localized albeit in different concentration 
ratios (Fig. 8). There is a notable enrichment of P and 
Ca in the spongy mesophyll, with the Ca concentra-
tions being four-fold that of P. High concentrations of 
K (≥15  g   kg−1) and Mn (≥100  g   kg−1) were meas-
ured for the adaxial hypodermis cells, with highest 

concentrations within the cells. The abaxial epider-
mal cells are of much smaller size with however a 
notable concentration of K (15  g   kg−1) and Mn (up 
to 100 g  kg−1) (Fig. 7). A high-resolution scan (5 μm) 
of the adaxial epidermis and palisade mesophyll was 
obtained (Fig. 8), which reveals co-localization of K 
and Mn in large sub-epidermal cells and in  the apo-
plastic space. Excess foliar Mn is, however, likely 
confined to what appear to be large vacuoles in  the 
centre of these cells, that were strongly enriched 
(Mn exceeding 100 g  kg−1) and is less notable in the 
apoplastic space.

Elemental localization in Pancheria xaragurensis

Synchrotron-based XFM analysis of leaf cross sec-
tions show that Ni was highly enriched in a broad 
zone encompassing the abaxial and adaxial epider-
mal cells as in the collenchyma of the midrib (Fig. 9) 
and in several locations crossing into  the mesophyll 
(Fig. 10). The distributions of K and Ni are very simi-
lar, but in contrast, Ca is present mainly as deposits 
(likely Ca-oxalate) lining   the mesophyll and the 

Fig. 6  Synchrotron-based 
XFM maps of P, S, K, Ca, 
Mn, Ni of a freeze-dried 
cross-section of a Pancheria 
reticulata leaf at the midrib 
with part of the lamina. 
Abbreviations of anatomical 
features indicated: e, epider-
mis; h, hypodermal cells; 
s.m., spongy mesophyll; 
p.m., palisade mesophyll; 
m. midrib

Fig. 7  Synchrotron-based XFM maps of P, S, K, Ca, Mn, Ni of a  freeze-dried cross-section of a Pancheria reticulata leaf blade. 
Abbreviations of anatomical features indicated: e, epidermis; h, hypodermal cells; s.m., spongy mesophyll; p.m., palisade mesophyll
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sclerenchyma at the periphery of the midvein vascu-
lar bundle (Fig. 9). Higher-resolution details scans of 
the leaf lamina (Fig. 10) reveal that Ni is extremely 
enriched in the epidermis, mainly in the adaxial side 
of the lamina. Notable Ni enrichment across the leaf 
lamina occurs in the leaf sheath surrounding the vas-
cular bundle (Fig. 10). Although more evenly distrib-
uted throughout the leaf lamina, Ca enrichment also 
occurs  in the vascular bundles.

Discussion

Nickel and manganese hyperaccumulation in 
Cunoniaceae

As expected, high foliar  Ni concentrations are 
restricted in New Caledonian Cunoniaceae to the spe-
cies ocurring on ultramafic soils, where this element is 
enriched (Latham et al. 1978). However, although the 
highest foliar Mn values are observed  in plants from 

ultramafic soils, Mn concentrations within the toxic 
range for most plants (Krämer 2010) are also observed 
in plants growing on non-ultramafic soils. Spe-
cies may have high foliar  Ni concentrations or high 
foliar Mn concentrations, but not high concentrations 
of both elements concomitantly. These different adap-
tions observed on ultramafic soils may be indicative of 
a trade-off between the uptake/transport and/or storing 
of these two elements in plants. Although the differ-
ences could also be associated to different local  soil 
conditions for each species, we believe this to be 
unlikely. Pancheria reticulata (Mn hyperaccumula-
tor), P. engleriana (Ni hyperaccumulator) and P. calo-
phylla (with moderate Mn and Ni accumulation) can 
be observed in sympatry on Mount Paéoua (Y. Pillon 
pers. obs.). It is more probable that these species have 
different physiological adaptations to cope with harsh 
conditions which explains their differences in metal 
concentrations in sympatry (Pillon et al. 2019b). This 
is in line with the major physiological diversity asso-
ciated with New Caledonian plant radiation (Pillon 

Fig. 8  Synchrotron-based 
XFM maps of K, Ca, 
Mn, Ni of a freeze-dried 
Pancheria reticulata 
cross-section of the leaf. 
Magnification on upper epi-
dermis and palisade tissues. 
Abbreviations of anatomical 
features indicated: e, epider-
mis; h, hypodermal cells; 
p.m., palisade mesophyll
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et  al. 2014), and nutrient limitation adaptations seen 
on infertile soils (Hopper 2009; Pillon et al. 2021b).

Outside of New Caledonia, high foliar  Mn con-
centrations have also been reported in Cunoniaceae 
from South America (genus Weinmannia), although 
not reaching the hyperaccumulation threshold (Bel-
loeil et al. 2021). Cunoniaceae also generally tend to 
be over-represented on ultramafic soils (Pillon et  al. 
2019a). The fact that adaptation to ultramafic soils 
and metal (hyper)accumulation are observed in mul-
tiple and distantly related genera, and in different 
regions, indicates that the  Cunoniaceae could  have 
an ancestral ability to cope with challenging edaphic 
conditions and to uptake and store metals in their tis-
sues. The Cunoniaceae belong to the Oxalidales order 
that includes five other small to medium size fami-
lies. Nickel hyperaccumulation has also been reported 
in two of these families on ultramafic substrates: 
the  Indonesian Sarcotheca celebica (Oxalidaceae, 

Galey et  al. 2017) and the Cuban Rourea glabra 
(Connaraceae, Belloeil et  al. 2021). Therefore, the 
greater capacity to adapt to ultramafic soils and to 
become a  metal hyperaccumulator may be ancestral 
to the entire Oxalidales order.

Most genera with hyperaccumulators are special-
ised for a single element (e.g., Ni in Hybanthus, Pyc-
nandra). The number of genera where hyperaccumu-
lation of multiple elements is observed is still limited 
and includes Noccaea (Ni, Zn, Cd)  and Arabidopsis 
(Zn, Cd) in the Brassicaceae (Brassicales), Dicha-
petalum (Ni, Zn) in the Dichapetalaceae (Malpighi-
aceae), and Phyllanthus including Glochidion (Ni, 
Co, Mn) (Nkrumah et  al. 2018; van der Ent et  al. 
2018a) in the  Phyllanthaceae (Malpighiales). In the 
Cunoniaceae (Oxalidales), Ni and Al hyperaccumula-
tion have previously been reported within the recently 
diversified New Caledonian genus Geissois (Pil-
lon et  al. 2014). Pancheria is thus a novel example 

Fig. 9  Synchrotron-based 
XFM maps of K, Ca, Ni 
of fresh hydrated cross-
sections of Pancheria 
xaragurensis leaf midribs 
and lamina. Abbreviations 
of anatomical features indi-
cated: ad.e, adaxial epider-
mis; ab.e, abaxial epider-
mis; coll., collenchyma; 
scl., sclerenchyma; s.m., 
spongy mesophyll; p.m., 
palisade mesophyll; v.b., 
vascular bundles; w., wood
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of a genus where hyperaccumulation of multiple 
elements is observed. Pancheria diverged from its 
sister group, Cunonia, 26.9 million years ago (Pil-
lon et  al. 2021a), with a very similar level of mor-
phological and species diversity in New Caledonia, 
an equivalent preference for ultramafic substrates, 
but which has much lower affinities for metals. Data 
obtained from analyses of leaves by ICP-AES and by 
herbarium  XRF on Pancheria reticulata confirmed 
that this species has extremely high Mn concentra-
tion in its leaves (19.5–57.7  g   kg−1, n = 20). To our 
knowledge this is the highest Mn concentration in 
leaves ever found in a  hyperaccumulator species so 
far, with Virotia neurophylla (Proteaceae) from New 
Caledonia spanning a similar concentration range 
(15.8–55.2  g   kg−1, n = 20) (Jaffré 1979). Pancheria 
multijuga, another Mn hyperaccumulator detected by 
herbarium XRF analysis, also had extremely high leaf 

Mn  concentrations (25.7–29.9  g   kg−1, n = 2), con-
firmed by ICP-AES analysis (Suppl Table 2).

Influence of soil chemistry

Tropical Ni hyperaccumulation has always been 
reported from ultramafic  soils with high Ni concen-
trations (van der Ent et  al. 2016, 2017b; Echevar-
ria 2021), whilst Mn  hyperaccumulation has been 
reported from a diverse array of types soils. Several 
plant species occurring on soils with low concentra-
tions of exchangeable Mn availability have been found 
to accumulate foliar Mn to much higher concentra-
tions than in most other plants (Marschner 2002; 
Memon et al. 1979; Foulds 2003). The differences in 
Mn accumulation can also be explained to differences 
in Mn solubilization in the rooting zone (Lambers 
et al. 2015). Higher foliar Mn is often seen in plants 

Fig. 10  Synchrotron-
based XFM maps of Ca, 
Mn, Ni of fresh hydrated 
cross-sections of Panche-
ria xaragurensis lamina. 
Abbreviations of anatomi-
cal features indicated: ad.e, 
adaxial epidermis; ab.e, 
abaxial epidermis;. m., 
spongy mesophyll; p.m., 
palisade mesophyll; v.b., 
vascular bundles
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that release large amounts of carboxylates  from their 
roots that strongly acidify the rhizosphere (Lambers 
et al. 2010). In the Proteaceae for instance, Mn accu-
mulation is due to the release of carboxylates by spe-
cialized cluster roots (Lambers et al. 2015). As such, 
in New Caledonia, Jaffré (1979) found that the among 
species growing on ferralitic soils with low exchange 
capacity, Proteaceae generally accumulated more 
Mn than co-occurring species belonging to different 
families. Cluster roots are, however, not known in the 
Cunoniaceae. Previous studies did report on arbus-
cular mycorrhiza associations in some Cunoniaceae 
from New Caledonia growing on metal-rich Ferral-
sols (Perrier et al. 2006), and microbial activity could 
increases the mobility of metal (Amir and Pineau 
2003a, b; Berthelin et al. 1995). Further studies should 
investigate the correlation between microbial activity 
and Ni/Mn hyperaccumulation in the Cunoniaceae.

Manganese hyperaccumulation was shown to vary 
between the different maquis and soil properties, with 
acidic colluvial and gravelly ferralitic soils being the 
most propitious for strong hyperaccumulation (Jaffré 
1980). In line with this finding, P. reticulata at Mont 
Mou grows on acidic gravelly ferralitic soils. Manga-
nese bioavailability depends on soil pH and is largely 
independent from total or exchangeable soil Mn con-
centrations (Fernando et  al. 2008b; Jaffré 1980). As 
such, Fernando et  al. (2008b) found that two subspe-
cies of Denhamia founieri (previously Maytenus fou-
nieri) strongly differ in their foliar Mn concentrations 
mainly in response to soil pH, in spite of lower Mn 
soil concentrations for the highest hyperaccumulation 
sites. In our study, we found similar phytoavailability 
of Mn in the soils associated with both species, but 
the soil pH at P. reticulata site was also strongly acidic 
(pH  4.50–5.24). At the P. xaragurensis site, the soil 
pH was, however, slightly acidic to neutral, which are 
natural conditions that favour Ni hyperaccumulation 
(Kukier et  al. 2004). Metal mobilisation in the rhizo-
sphere is undoubtedly a major factor associated with 
metal hyperaccumulation for Mn and would explain 
why there is not strict relationship between foliar metal 
accumulation and concentrations in the soil.

Distribution of Mn and Ni within the plants

We found relatively high Mn concentrations in the 
bark (cortex and phloem),  as previously found for 
other  Mn hyperaccumulators (Bidwell et  al. 2002; 

Fernando et al. 2006), but also in the wood of P. retic-
ulata, with variation that could at least partially be 
explained by the remaining sap contained in the wood 
samples. Investigations by Fernando et  al. (2012) 
using cryogenic Scanning Electron Microscopy 
with Energy-Dispersive Spectroscopy (SEM-EDS) 
obtained  in vivo quantitative elemental composition 
from frozen-hydrated cells. These detailed investi-
gations of leaves have demonstrated that Mn foliar 
concentration pattern differed markedly between spe-
cies, a trait that appears to be specific to Mn hyper-
accumulation (Fernando et  al. 2008a). The highest 
localized Mn concentrations have been found in low/
non-photosynthetic cells types, such as the epidermal 
cells, including the trichomes and leaf hairs, multise-
riate hypodermal cells (e.g. Denhamia fournieri) or 
spongy mesophyll cells (e.g. Garcinia amplexicaulis) 
(Fernando et al. 2006, 2012). In addition, and in con-
trast to the foliar localization of other hyperaccumu-
lated metals, high Mn concentrations also occur in the 
multi-layered highly vacuolated large palisade meso-
phyll cells (Fernando et al. 2006, 2012).

The localization pattern of Mn in P. reticulata 
leaves revealed that the highest localized concentra-
tions are in non-photosynthetic tissues, i.e., princi-
pally in large hypodermal cells, and in the apoplastic 
space in the collenchyma. The primary Mn deposit 
site in the large epidermal cell, was also  found in 
Grevillea exul s.l. and G. meisneri, although  their 
Mn bulk concentrations (3000–4000 μg   g−1) did not 
necessarily  attain the hyperaccumulation threshold 
values (Fernando et  al. 2006, 2008a; Bihanic et  al. 
2021). In contrast to Virotia neurophylla, Mn was not 
detected at high concentrations in the palisade (pho-
tosynthetic) tissues. Altogether these results suggest 
that the Mn concentration sites are not related to the 
level of accumulation and that leaf anatomy (particu-
larly cell-size) is an important driver of sequestration, 
and potentially an important evolutionary prerequi-
site in the evolution of Mn hyperaccumulation. The 
cell size was previously noted to influence the pref-
erential accumulation site in Mn hyperaccumulators 
(Fernando et al. 2012). This finds support by the fact 
that most Mn hyperaccumulator plants are often scle-
rophyllous species  with  a xerophytic leaf  anatomy 
(multiple layers of epidermal cells or palisades tis-
sues, hypodermal tissues). The abundant sclerophyl-
lous vegetation in New Caledonian maquis could 
explain the diversity of Mn hyperaccumulators found 
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in New Caledonia, although not all sclerophyll spe-
cies are hyperaccumulators of course.

The localization of Ni in P. xaragurensis is dif-
ferent to Mn in P. reticulata. It also differs from the 
majority of Ni hyperaccumulator plants studied to 
date in which Ni is universally localized in the vac-
uoles of the epidermal cells (Bidwell et  al. 2004; 
Kachenko et  al. 2008; Küpper et  al. 2001; Mesjasz-
Przybylowicz et  al. 2016; van der Ent et  al. 2017a, 
2018b; Broadhurst et  al. 2004). The patterns of Ni 
enrichment in P. xaragurensis are akin to extracellu-
lar detoxification mechanisms in which Ni is expelled 
from the apoplast and forms Ni-rich deposits. In the 
case of P. xaragurensis, the process possibly starts 
by Ni-loading into vacuoles of epidermal cells which 
leads to cell death and eventually the formation of Ni-
rich plaques. Similar observations have been made in 
the Co-Ni hyperaccumulator Glochidion cf. sericeum 
from Borneo in which Co is excreted in the form of 
lesions in the epidermal region of the leaf lamina (van 
der Ent et al. 2018a). Curiously, this type of ecophysi-
ological response is typically associated with Mn tox-
icity in crop plants in which characteristic ‘lesions’ 
form in which Mn is dumped, often near trichomes 
bases (Blamey et  al. 1986). Hence, it appears that 
adaptations of P. xaragurensis to sequester and tol-
erate excess Ni on the tissue/cellular scale is distinct 
from the mechanisms responsible for Mn tolerance in 
P. reticulata. We also found high Ni concentrations in 
the  parenchymatous bundle sheath surrounding the 
vascular bundle. This elemental distribution pattern 
was not found in the Mn hyperaccumulator P. retic-
ulata. Vein sheathing in Pancheria was found to be 
of systematic significance, as species strongly differ 
in their sheathing features (Rao and Dickison 1985). 
Bundle-sheath extensions connect the sheath of the 
larger vein with both epidermal layers (Evert 2006). 
Further studies should investigate the role of paren-
chymatous bundle sheaths in Ni hyperaccumulation, 
and more specifically the translocation of Ni from the 
vascular system to the epidermal cells.

Conclusions

The Cunoniaceae of New Caledonia have a strong 
affinity with metals and high foliar Ni and high Mn 
concentrations are observed in many species, includ-
ing several clear examples of hyperaccumulation. 

There appears to be a trade-off between foliar  Ni 
and Mn concentrations with species either hyperac-
cumulating one of the other. Nickel and Al hyperac-
cumulation had previously been reported in Geissois 
(Pillon et  al. 2014) and this study revealed that the 
second largest endemic genus of New Caledonia, 
Pancheria, also displays a remarkable physiological 
diversity with Ni hyperaccumulators and Mn hyper-
accumulators. The detailed study of P. reticulata (Mn 
hyperaccumulator), and P. xaragurensis (Ni hyperac-
cumulator) revealed that localization of Mn and Ni 
at the tissue (and organ) level differs between the 
two species. Manganese and Ni accumulation are 
two different adaptions observed on ultramafic sub-
strates that do not appear to be explained by contrast-
ing soils conditions or to be a simple competition 
between the two metals that may transit through the 
same membrane transporters, but instead rely on dis-
tinct physiological pathways. Such contrasting adap-
tions can appear over relatively short evolutionary 
time. This diversity of physiological coping mecha-
nisms on substrate with low fertility (ultramafic) is 
in line with the hypothesis formulated by Hopper 
(2009) on Old Climatically-Buffered Infertile Land-
scapes, that likely extends to New Caledonia (Pillon 
et al. 2021b).
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