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Summary 

 The rare phenomenon of plant manganese (Mn) hyperaccumulation within the 

Australian flora has previously been detected in the field, which suggested that the 

tree genus Gossia (Myrtaceae) might contain new Mn hyperaccumulators.  

 We conducted the first growth experiment on Gossia using a multi-factorial dosing 

trial to assess Mn, cobalt (Co) and zinc (Zn) (hyper)accumulation patterns in selected 

Gossia species (G. fragrantissima and G. punctata) after a systematic assessment of 

elemental profiles on all holdings of the genus Gossia at the Queensland Herbarium 

using handheld X-ray fluorescence spectroscopy. We then conducted detailed in situ 

analyses of these elemental distributions at the macro (organ) and micro (cellular) 

levels with laboratory- and synchrotron-based X-ray Fluorescence Microscopy 

(XFM).  

 Gossia pubiflora and G. hillii were newly discovered to be Mn hyperaccumulator 

plants. In the dosing trial, G. fragrantissima accumulated 17 400 µg g-1 Mn, 545 µg g-

1 Co and 13 000 µg g-1 Zn. The laboratory based XFM revealed distinct patterns of 

accumulation of Co, Mn and Zn in G. fragrantissima, while the synchrotron XFM 

showed their localization in foliar epidermal, and in the cortex and phloem of roots.  

 This study combined novel analytical approaches with controlled experimentation to 

examine metal hyperaccumulation in slow-growing woody species, thereby enabling 

insight into the phenomenon not possible through field studies. 
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Graphical abstract 

 

 

This study combined novel analytical approaches with controlled experimentation to examine metal 
hyperaccumulation in slow-growing woody species, thereby enabling insight into the phenomenon not 
possible through field studies. This study highlights a new era of hyperaccumulator plants discovery, 
with added advantage of identifying species of interest for further ecophysiological and elemental 
distribution investigations.   

 

Key words: elemental distribution, hyperaccumulator, Gossia fragrantissima, Gossia    

punctata, trace element, metal homeostasis 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/advance-article/doi/10.1093/m

tom
cs/m

fab008/6149465 by guest on 12 M
arch 2021



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

 

INTRODUCTION 

Hyperaccumulators are unusual plants that are able to accumulate extraordinarily high 

concentrations of specific trace elements into their shoots.1-3 They achieve this through 

enhanced uptake and translocation mechanisms.4, 5 Hyperaccumulation thresholds have been 

set for different elements, including 300 µg g-1 for Co, 3000 µg g-1 for Zn and 10 000 µg g-1 

dry weight for Mn.3 The hyperaccumulation phenomenon is rare (exhibited by <0.2% of 

angiosperms) with ~70% of the known 700 hyperaccumulator species recorded for Ni. 2, 6 

Their occurrence is primarily on substrates enriched in the elements that they 

hyperaccumulate, most commonly ultramafic soils which are high in Ni, Co and Mn.7 

 

Manganese, a micronutrient essential for plant growth and function, is transported in planta 

in its free divalent form Mn2+. 8, 9 Plant tissue Mn is usually around 50–800 µg g-1 dry weight, 

sometimes exceeds 1000 µg g-1 in species growing on normal soils10, 11, and up to 1000–7000 

µg g-1 in plants growing on Mn-enriched substrates.12 Deficiency symptoms may occur at 

foliar concentrations less than 10 µg g-1 whilst toxicity symptoms typically appear at 1000–12 

000 µg g-1 depending on the species.12 The solubility of Mn (i.e. in Mn2+ state) increases with 

increase in soil acidity and extreme climatic conditions which give rise to soil waterlogging, 

heating and drying13-15 as well as the activities of aerobic and anaerobic microorganisms. 

Higher valency states of Mn of +4 and +3 are insoluble.16 However, the ability of Mn to form 

anionic complexes (MnO-
4) and organic ligands can increase its solubility in the alkaline pH 

range.17, 18 Plants growing in alkaline soils take up Mn by root exudate production in the 

rhizosphere, for example in Proteaceous cluster roots.19-22 A Mn-citrate chelate is suspected 

in species that hyperaccumulate Mn through exuding large quantities of carbocyclic acids, 

such as Phytolacca americana. 23 
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The global database for plants that hyperaccumulate metal and metalloid trace elements 

reported 42 known Mn hyperaccumulator species6, with majority restricted over eastern 

Australia and New Caledonia.1, 24, 25 Manganese hyperaccumulation in New Caledonia was 

discovered in the 1970’s 26, 27, and studies on Mn hyperaccumulator plants in Australia are 

more recent.28 Recently, the use of handheld X-ray Fluorescence (XRF) instruments to non-

destructively perform systematic quantitative assessments of the elemental composition of 

herbarium specimens29 has led to dramatic increases in the number of known 

hyperaccumulator plants globally. Even in the well-studied flora of New Caledonia, this 

approach led to an increase of the known Mn hyperaccumulators from 11 to 74 Mn 

hyperaccumulator taxa.30 New discoveries of Mn hyperaccumulators in Malaysia and Papua 

New Guinea further support existing hypotheses that plant-Mn hyperaccumulation in the 

Western Pacific and Southeast Asia is likely widespread.31-34 Most Mn hyperaccumulator 

species have been found in the families of Apocynaceae, Celastraceae, Clusiaceae, Myrtaceae 

and Proteaceae.24, 35, 36 

 

The genus Gossia (Myrtaceae) contains 20 exceptionally Mn-accumulating species in eastern 

Australian rainforests, on soils derived from acid volcanic substrates (primarily andesite, 

basalt, granite, and ignimbrite) as well as laterites, meta-sediments and sandstones.1, 24, 25, 37 

Unlike New Caledonian Gossia species, the ones in the Australian flora occur less frequently 

on ultramafic soils, except for Gossia bidwillii.37 Gossia bidwillii was the first Australian Mn 

hyperaccumulator discovered28, instigating further research on Mn hyperaccumulation in 

various species of Gossia in Australia.25, 38-40 Gossia fragrantissima was shown via field 

studies and analysis of herbarium specimens to accumulate unusually high Zn, Co and Ni 

concentrations in addition to Mn.25, 40 Whereas several Gossia species in the Australian flora  
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are strong Mn accumulators, there are other species in the genus that exhibit weak Mn 

accumulating capacity. For example, separate herbarium and field data are in agreement that 

G. punctata is not a Mn (hyper) accumulator.25, 40 

 

Previous hyperaccumulation studies on Gossia have mainly focused on investigating the 

phylogeny, biogeography and bulk leaf-accumulation37 as well as prospecting for new Mn 

hyperaccumulators.25 However, little is known about the hyperaccumulation of Co and Zn in 

this genus. X-ray elemental mapping techniques can play an important role in answering 

questions about plant metal homeostasis at many levels from the rhizosphere interface, to 

uptake pathways in the roots and shoot.33 The use of the Proton Induced X-ray Emission 

(PIXE) analysis has revealed Mn in addition to Ni and Co in a freeze-dried leaf of G. 

fragrantissima to be localized in palisade mesophyll cell vacuoles whereas Zn is primarily 

located in the upper epidermis.40 X-ray Florescence Microscopy (XFM) is a powerful tool for 

elucidating elemental distribution in hydrated plant organs and tissues (hydrated materials) 

and could provide useful information to complement previous reports. In particular, the co-

accumulation of Mn, Co and Zn raises the question whether the three elements follow the 

same pathways in the plant - from selective root uptake to accumulation in storage tissues. It 

also raises questions about competition between the three elements. These can be best 

addressed via controlled experiments to direct future investigations into molecular 

mechanisms that underpin metal co-accumulation. To date, no study has investigated the 

elemental distribution in fresh plant organs and tissues of G. fragrantissima. Therefore, this 

study seeks to (i) systematically assess the incidence of Mn, Co and Zn accumulation in the 

genus Gossia in Australia through herbarium XRF scanning, (ii) investigate the 

(hyper)accumulation of G. fragrantissima under controlled conditions in a multi-factorial 

randomised block design Mn, Co and Zn dosing trial, and contrast it with the non-
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hyperaccumulator G. punctata, and (iii) finally use laboratory and synchrotron X-ray 

Florescence Microscopy (XFM) to determine the in situ distribution of Mn, Co and Zn in 

hydrated plant organs and tissues of G. fragrantissima and G. punctata.  

 

MATERIALS AND METHODS 

 

Herbarium XRF assessment of hyperaccumulation 

The use of handheld X-ray fluorescence (XRF) instruments is a non-destructive and effective 

method for the systematic quantitative assessment of hyperaccumulation in vast numbers of 

herbarium specimens 29. It has the ability to measure a range of different elements, including 

the transition elements Ni, Co, Mn and Zn. The Thermo Fisher Scientific Niton XL3t 950 

GOLDD+ analyser uses a miniaturised X-ray tube (Ag anode, 6–50 kV, 0–200 µA max) as 

its excitation source. The X-ray tube irradiates the sample with high-energy X-rays, which 

excite fluorescent (characteristic) X-rays in the sample. These fluorescent X-rays are detected 

and quantified with a large 20 mm2 Silicon Drift Detector and it has practical detection limit  

for plant material samples of the order of >300 μg g-1 depending on the element. The XRF 

analysis was undertaken on a sheet of ‘herbarium cardboard’ on a pure titanium plate 

(~99.995%, 2 mm thick  10  10 cm) to provide a uniform background and block 

transmitted X-rays. The XRF analysis used the ‘Soils Mode’ in the ‘Main filter’ configuration 

for 30s duration.  

 

Calibration of the raw XRF data was achieved using an empirical approach. Two hundred 

and twenty-one (221) samples from the Herbarium of New Caledonia (NOU) were 

intentionally chosen to cover a very wide range (‘normal’ to hyperaccumulation – see below) 

of Mn, Co, Ni and Zn values and a 1 cm2 area destructively excised from each specimen. This 
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fragment was analysed by XRF, then weighed and pre-digested in 1 mL 70% HNO3 and 

subsequently digested in a microwave oven (Milestone Start D) at 125°C for 2 hours and 

diluted to 10 mL with ultra-pure water (Millipore 18.2 MΩ·cm at 25°C) before analysis with 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) with a Thermo 

Scientific iCAP 7400 instrument for Mn, Co, Ni, Zn in radial and axial modes depending on 

the element and analyte concentration. The elements were calibrated with a 4-point curve 

covering analyte ranges in the samples. In-line internal addition standardization using yttrium 

was used to compensate for matrix-based interferences. Quality controls included matrix 

blanks, certified reference material (Sigma-Aldrich Periodic Table mix 1 for ICP 

TraceCERT®, 33 elements, 10 mg L-1 in HNO3).  

 

The XRF analysis was undertaken at the Queensland Herbarium (BRI) in Brisbane. The 

Queensland Herbarium contains over 880 000 specimens and 98.8% of the collection is 

databased.  Nine hundred and sixty one specimens of the following 20 species of Gossia 

specimens, originating from Queensland, were scanned: (Gossia acmenoides, G. bamagensis, 

G. bidwillii, G. byrnesii, G. dallachiana, G. floribunda, G. fragrantissima, G. gonoclada, G. 

grayi, G. hillii, G. inophloia, G. lewisensis, G. lucida, G. macilwraithensis, G. myrsinocarpa, 

G. pubiflora, G. punctata, G. retusa, G. sankowskyorum, and G. shepherdii).  

 

Gossia species studied in the metal dosing trial 

Gossia fragrantissima (F. Muell. ex Benth.) N.Snow & Guymer (Myrtaceae), sweet myrtle or 

small-leaved myrtle is a shrub or small tree which grows in sub-tropical rainforest on basalt-

derived soils in south-east Queensland and in north-east New South Wales, located south to 

the Richmond River. 41, 42 It grows to a height of about 4–10 m tall with rough, brown, 
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fissured bark; young shoots sparsely hairy with short brown hairs. The leaves are small and 

glossy with a tiny point at the apex and paired on the stem 42.       

 

Gossia punctata N. Snow & Guymer (Myrtaceae) is a small tree which grows in dry 

rainforest on dry skeletal soil mainly on the inland coastal ranges; north from the Nymboida 

River. It grows to a height of 15 m tall with grey scaly bark; young shoots are finely 

pubescent and glabrous with age. The leaf lamina is elliptic, apex acuminate, lower surface 

glabrous, oil glands conspicuous on lower surface with petiole of 1–2 m long. The flowers 

are solitary and hypanthium glabrous or finely pubescent 41. 

 

Plant dosing treatments 

The two species studied (G. fragrantissima and G. punctata) were obtained from Burringbar 

Rainforest Nursery and grown from seed (Burringbar Road, Upper Burringbar, NSW). The 

provenance of the seeds was a mature tree growing near Burringbar originating from the 

native population of G. fragrantissima in the Tweed Shire. Similarly, for G. punctata the 

provenance of the seeds was from a population near Burringbar. The plants were cultivated in 

a temperature and humidity-controlled glasshouse with 20ºC and 80% relative humidity (RH) 

and 1600 μM m-2 s-1 PAR flux density for 13 hrs, at the Central Glasshouse Services (CGS) 

in St Lucia at The University of Queensland, Australia. After three weeks, the plants were 

transferred into 15 cm pots containing a ratio of 9:1 mixture of composted pine bark 

(aggregate size, 5–10 mm) and Coco Peat (Bassett Barks Pty Ltd, Queensland, Australia). 

The media was mixed with low-level fertilizers and other augments consisting (per m3) of 1.2 

kg Yates Flowtrace, 1 kg iron sulphate heptahydrate (FeO4SO4·7H2O), 0.1 kg superphosphate 

(Ca(H2PO4)2), 1.5 kg gypsum (CaSO4) and 1.5 kg dolomite (CaMg(CO3)2). The composition 

of the Flowtrace was 24 wt% iron (Fe) as FeSO4, 14 wt% sulfur (S) as SO4, 0.75 wt% copper 
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(Cu) as CuSO4, 0.5 wt% manganese (Mn) as MnSO4, 0.2 wt% zinc (Zn) as ZnSO4, 0.04 wt% 

molybdenum (Mo) as Na₂MoO₄, 0.033 wt% boron (B) as Na2B4O7 and also contains zeolite, 

to ensure flowability (Yates Australia, Padstow, NSW, Australia). Soluble Mn, Co and Zn 

were applied to the plants in a multi-factorial randomised block design. The applied 

treatments were the control (T1), and soils with final concentrations of Mn2+, Co2+ and Zn2+ 

of 200 µg g-1, 500 µg g-1, 1000 µg g-1 and combination of Co+Mn+Zn respectively yielding a 

total of 13 experimental groups.  Each treatment was administered monthly as aqueous 

MnSO4.H2O, CoSO4.7H2O and ZnSO4.7H2O solutions for a period of 12 months; a similar 

volume of water was added to the control each time. The individual pots were placed on 

saucers and hand watered daily to field capacity to prevent loss of treatment solutions. In total 

there were 78 experimental pots of all factorial combinations of two species and thirteen 

substrate Mn, Co and Zn solutions replicated three times.   

 

Chemical analysis of soil and plant samples 

After harvesting, the soil was extracted in each pot and emptied into respective plastic bags. 

The soil samples were further air-dried, sieved and 50 g was weighed from each pot. Soil 

sub-samples (~300 mg) were digested using 9 mL 70% HNO3 and 3 mL 37% HCl per sample 

in a digestion microwave (Milestone Start D) for a program of 1.5 hours and diluted to 40 mL 

with ultrapure water before analysis to obtain pseudo-total elemental concentrations. Soil pH 

was obtained in a 1:2.5 soil:water mixture after 2 hr shaking. Exchangeable trace elements 

were extracted in 0.1 M Sr(NO3)2 at a soil:solution ratio of 1:4 (10 gram soil with 40 mL 

solution) and 2 hr shaking time was adapted from Kukier and Chaney.43 As a means of 

estimating potentially phytoavailable trace elements, the DTPA-extractant was used 

according to Becquer et al. 44 which was adapted from the original method by Lindsay and 
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Norvell45, with the following modifications: excluding TEA, adjusted at pH 5.3, 5 g soil with 

25 mL extractant, and an extraction time of one hr.  

 

The plant material samples were oven-dried at 60°C for three days. Each sample was 

weighed, ground to fine powder and digested using 4 mL HNO3 (70%) in a microwave oven 

(Milestone Start D) for a 45-minute programme and diluted to 45 mL with ultrapure water 

(Millipore 18.2 MΩ·cm at 25°C) before analysis for macro-elements (Na, Mg, K, Ca) and 

trace-elements (Mn, Co, Zn) in radial and axial modes depending on the element and 

expected analyte concentration. All elements were calibrated with a 4-point curve covering 

analyte ranges in the samples. In-line internal addition standardization using yttrium was used 

to compensate for matrix-based interferences. Quality controls included matrix blanks, 

certified reference material (Sigma-Aldrich Periodic Table mix 1 for ICP TraceCERT®, 33 

elements, 10 mg L-1 in HNO3), Standard Reference Material (NIST Apple 1515 digested with 

HNO3), and internal reference materials. 

 

Desktop micro-X-ray Fluorescence Microscopy (XFM) 

Freshly detached branchlets of G. fragrantissima and G. punctata from the 

Mn1000Co1000Zn1000 treatment were used for the microXRF scanning. The UQ microXRF 

facility contains a modified IXRF ATLAS X system, mounting two 50W X-ray sources fitted 

with polycapillary focussing optics: XOS microfocus Mo-target tube producing 17.4 keV X-

rays (flux of 2.2 × 108 ph s-1) focussing to 25 μm and a Rh-target tube producing 20.2 keV 

(flux of 1.0 × 107 ph s-1) focussing to 5 μm. The system is fitted with two silicon drift 

detectors of 150 mm2 coupled unit. Samples for analysis were mounted between two sheets 

of Ultralene thin (4 μm) film stretched over a Perspex frame. Measurements were conducted 

at room temperature (~20°C), using the Mo 25 μm X-ray source at a 40 kV, 1000 uA, with a 
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rise time of 0.25 µs and a per-pixel dwell of 100 ms. The tight sandwich-like mounting of the 

sample was designed to optimise retention of its fresh hydrated state, with analysis completed 

within 10 minutes after excision. The risk of radiation-induced damage, particularly to fresh 

hydrated samples was avoided/minimised here by choosing appropriate operating conditions, 

i.e., a source flux of 2.2 × 108 photons s-1 in a 25 μm beam spot at a maximum dwell of 100 

ms, resulting in a deposited radiation dose of just 6.6 Gy. 

 

Synchrotron micro-X-ray Fluorescence Microscopy (XFM) 

The X-ray fluorescence microscopy (XFM) beamline at the Australian Synchrotron employs 

a Si(111) monochromator and a pair of Kirkpatrick-Baez mirrors to deliver X-rays onto the 

specimen with fluorescent X-rays collected in a backscatter geometry using the 384-element 

Maia detector system.46 The Maia detector uses a large detector array to maximise detected 

signal and count-rates for efficient imaging. Maia enables high overall count-rates and uses 

an annular detector geometry, where the beam passes through the detector and strikes the 

sample at normal incidence47, 48 to maximise detected signal and hence reduce the dose and 

potential damage to analysed specimens.49 The samples were hand cut with a stainless-steel 

razor blade (‘dry knife’), mounted between two sheets of 4 μm Ultralene thin film in a tight 

sandwich to limit evaporation, and analysed within 5 minutes after excision. The hydrated 

samples were mounted between two sheets of Ultralene thin film (4 µm) stretched over a 

Perspex frame magnetically attached to the x-y motion stage at atmospheric temperature 

(~20°C).  First, a quick ‘survey scan’ was conducted to allow for the selection of the 

appropriate portion of the sample. For the survey scan, the resolution was 50–100 µm with a 

dwell of 1–2 ms and generally took ca. 5 min to complete. After that a ‘detailed scan’ was 

conducted, with a resolution of 2–10 µm and a dwell of 8–20 ms and generally took ca. 100 
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min, depending on the mapped area. For the whole experiment, an incident energy of 15.8 

keV was used in order to excite the highest Z element of interest (i.e., Zn). 

 

Statistical analyses 

The matching XRF and ICP-AES data was used to obtain calibration curves. The apparent 

limits of detection (LOD) for Ni, Co and were estimated by visual inspection of the log-

transformed regression models of the XRF data against corresponding ICP-AES 

measurements and set at XRF values: 107 μg g-1 for Ni (range 107–113 987, n = 149), 426 μg 

g-1 for Co (372–9532, n = 50), 455 μg g-1 for Mn (455–176 396, n = 159) and 27 μg g-1 for Zn 

(range 27–1238, n = 117). The residuals vs. fitted values were inspected for each linear 

regression analysis, and outliers (± 3 SD of the residual) were identified and removed. 

Secondary linear regression models were then derived after the samples with XRF values 

below the limit of detection were removed. The regression models (y = calculated ICP-AES; 

x = measured XRF) are: Ni: y = 0.2351x1.0969 (R2 0.98), Mn y = 0.7869x0.9165 (R2 0.98), Co: y 

= 0.429x0.9809 (R2 0.92), and Zn: y = 0.3766x1.1259 (R2 0.88). 

 

Statistical analyses were performed using R version 3.6.1 (2019-07-05) and Microsoft Excel 

2016. The concentration of Co, Mn and Zn are presented as boxplots. The concentration of 

elements given in tables represents mean ± SE of three replicate plants. The mean  standard 

error of mean was determined using descriptive analysis tool, and the two-way ANOVA with 

confidence level of 95% in the Analysis Toolpak in Microsoft Excel 2016 was used to 

analyse the differences between treatment levels, species and their interaction (treatment 

levels * species) and their P values of significance were presented. The mean ± standard error 

followed by the same letter are not significantly different (p < 0.05) as stated by Duncan-

Waller K-ratio t-test.  
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The XRF spectra on the UQ microXRF facility were acquired in mapping mode using the 

instrument control package, Iridium (IXRF systems), and then imported into the GeoPIXE 

software package version 7.5s (beta). The XRF spectra were subsequently fitted using the 

Dynamic Analysis method.50-53 This method generates elemental images, which are line 

overlap-resolved, and in with the Mo-tube Bremsstrahlung background has been subtracted. 

The sample matrix was modelled using an empirical formula for hydrated plant material 

samples with the composition C7.3O33H59N0.7S0.8 with a density of 0.90 g cm-3 and a thickness 

of 500 μm, overlaid by one layer of Ultralene (C14H10O4, 6 µm, density of 1.36 g cm-3). 

 

RESULTS 

 

Systematic assessment of Mn, Co and Zn accumulation in the genus Gossia  

Systematic assessment of Mn, Co and Zn accumulation on all holdings of the genus Gossia 

undertaken at the Queensland Herbarium using handheld XRF is shown in Fig. 1. The results 

show that G. bamagensis is an exceptional Mn hyperaccumulator with concentrations 

reaching up to 22 900 µg g-1 (mean is 11 800 µg g-1, n = 14). Other species with 

concentrations above the Mn hyperaccumulation threshold were G. bidwillii (880–20 900 µg 

g-1, mean 6800 µg g-1, n = 134), G. fragrantissima (3600–13 200 µg g-1, mean 7800 µg g-1, n 

= 10), G. dallachiana (890–20 400 µg g-1, mean 5800 µg g-1, n = 41), G. gonoclada (460–10 

800 µg g-1, mean 5580 µg g-1, n = 21), G. pubiflora (1030–16 300 µg g-1, mean 6570 µg g-1, n 

= 24), G. sankowskyorum (480–12 300 µg g-1, mean 5170 µg g-1 Mn, n = 26 ) and G. 

shepherdii (470–14 800 µg g-1, mean 4640 µg g-1, n = 44) (Fig. 1). 
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The only multi-element hyperaccumulator was G. fragrantissima which in addition to Mn, 

accumulates Co and Zn with concentrations of 485 µg g-1 Co and up to 3900 µg g-1 Zn, 

respectively (Fig. 1). Gossia pubiflora displayed remarkable Zn accumulating capacity, with 

the highest concentration of 1590 µg g-1 Zn, though below the Zn hyperaccumulation 

threshold level (Fig. 1).  

 

Bulk elemental concentrations in plant tissues of Gossia from the dosing trial  

The multi-factorial randomised block design dosing trial for the uptake of Mn, Co and Zn in 

G. fragrantissima and G. punctata lasted for 12 months during which time the plants grew 

about double in size. No signs of toxicity were observed in G. fragrantissima. However, in G. 

punctata visible signs of chlorosis, miniature leaves and brown speckles in older leaves were 

observed at the highest treatment levels of Mn, Co and Zn and Co+Mn+Zn. The results of the 

bulk elemental concentrations determined in young, old leaves and twigs of G. fragrantissima 

and G. punctata after exposure to single treatments of Co, Mn and Zn and their combinations 

(Co+Mn+Zn) at different levels are shown in Figs 2 and 3, Tables S1–S4. Mean Mn 

concentrations in G. fragrantissima were 16 500 µg g-1 (SE ± 875 µg g-1) in young leaves and 

17 400 µg g-1 (SE ± 4580 µg g-1 Mn) in old leaves which is more than 1.5-fold the Mn 

hyperaccumulation threshold at the 1000 µg Mn g-1 treatment level. Twigs, however, 

contained on average approximately four times lower Mn concentrations than young and old 

leaves at the same treatment level (Fig. 2, Table S2). The concentrations of Mn at the 500 µg 

Mn g-1 treatment level were also relatively high in young leaves (5210 ± 405 µg g-1) and old 

leaves (7060 ± 2200 µg g-1) of G. fragrantissima than in twigs (1890 ± 280 µg g-1). The Mn 

concentration in the various plant fractions in the 500 µg Mn g-1 treatment level were 

relatively higher compared to the 200 µg Mn g-1 treatment level and the control. The 

concentrations of Co in young leaves, old leaves and twigs were significantly above the Co 
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hyperaccumulation threshold at the 1000 µg Co g-1 treatment level with mean values of 348 

µg g-1 (SE ± 150 µg g-1 Co), 525 µg g-1 (SE ± 405 µg g-1 Co) and 345 µg g-1 (SE ± 115 µg g-

1), respectively. On the other hand, the 500 µg Co g-1 treatment level had significantly higher 

Co concentrations above the Co hyperaccumulation threshold in old leaves (320 ± 85.0 µg g-1 

Co) compared to the young leaves (225 ± 8.00 µg g-1 Co) and twigs (205 ± 40 µg g-1 Co) 

(Fig. 2, Table S1).  

 

The concentrations of Zn in G. fragrantissima in the 500 µg Zn g-1 and 1000 µg Zn g-1 

treatment levels were remarkable, with values in young and old leaves ~3-fold and ~4-fold 

higher than the hyperaccumulation threshold for Zn, respectively (Fig. 2, Table S3). The 

mean Zn concentrations in young and old leaves of G. fragrantissima at the 200 µg Zn g-1 

treatment level were also significantly above the Zn hyperaccumulation threshold compared 

to the control (Fig. 2, Table S3). The highest mean Zn concentrations was recorded at the 

highest level of treatments in old leaves, with mean concentrations of 13 000 µg g-1 (SE ± 

3840 µg g-1), followed by young leaves (11 400 ± 2500 µg g-1) and twigs (2930 ± 665 µg g-1).  

 

Interestingly, the combination of Co+Mn+Zn at all levels of treatments, led to a significant 

reduction in Zn concentrations in young, old leaves and twigs but an increase in the mean 

concentrations of Co and Mn in G. fragrantissima (Fig. 3, Table S4). However, in the single 

Co and Zn treatments, Mn concentrations in young leaves, old leaves and twigs of G. 

fragrantissima increased with increasing treatment levels (Fig 2. Tables S2 and S3). Cobalt at 

the 200 µg Co g-1, 500 µg Co g-1 and 1000 µg Co g-1 treatment levels in old leaves were more 

than 2-fold relative to the Co hyperaccumulation threshold. In the young leaves, the mean 

concentration of Co exceeded the hyperaccumulation threshold at all treatment levels, 

reaching 3-fold higher in the highest treatment level. The concentration of Mn at the 1000 µg 
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Co g-1 treatment level in the old leaves was above the Mn hyperaccumulation threshold (Fig. 

3, Table S4). The mean ± SE concentrations of Co, Mn and Zn in young leaves at the highest 

level of treatments were 1040 ± 235 µg g-1, 2170 ± 360 µg g-1 and 760 ± 175 µg g-1, 

respectively. In old leaves, relatively higher concentrations of Co (1140 ± 35 µg g-1), Mn (10 

900 ±1380 µg g-1) and Zn (965 ± 460 µg g-1) were measured. The twigs had 840 ± 170 µg Co 

g-1, 4440 ± 590 µg Mn g-1 and 605 ± 90 µg Zn g-1.  

 

In contrast to G. fragrantissima, the concentrations of Co, Mn and Zn in young leaves, old 

leaves and twigs of the non-hyperaccumulator G. punctata were below the 300 µg g-1, 10 000 

µg g-1, and 3000 µg g-1 hyperaccumulation threshold of Co, Mn and Zn, respectively, even at 

the highest treatment level (Fig. 2 and 3, Tables S1–S4). The concentrations of Co, Mn and 

Zn of G. punctata in the combined treatment (Co+Mn+Zn) were 155 ± 25 µg Co g-1, 590 ± 

105 µg Mn g-1  and 210 ± 10 µg Zn g-1  in young leaves, whereas the old leaves had 180 ± 40 

µg Co g-1, 1380 ± 340 µg Mn g-1  and 250 ± 35 µg Zn g-1. The twigs had 155 ± 20 µg Co g-1, 

325 ± 80 µg Mn g-1 and 90 ± 20 µg Zn g-1. Whereas the young leaves, old leaves and twigs of 

G. fragrantissima had significantly higher concentrations of Mn, Co and Zn than G. punctata, 

the concentrations of Ca, Mg, Na and K were lower in the former than the latter (Figs. 2 and 

3, Tables S1–S4). The concentrations of Ca, Mg, Na and K increase with decreasing Mn in 

the young leaves, old leaves and twigs of G. punctata in all treatments.  

 

Pot soil properties in the dosing trial 

The results of the pH, DTPA- and Sr(NO3)2-extractable concentrations in soils of G. 

fragrantissima and G. punctata at harvest are shown in Table S5. There were no significant 

differences in the soil pH in the control, 200 µg Zn g-1 and 1000 µg Zn g-1 treatment levels 

between G. fragrantissima and G. punctata.  The DTPA extractable concentrations of Mn 
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and Zn were ~4- and ~3-fold, respectively, at the 1000-treatment level, ~3 fold each at 500-

treatment level and 2-fold each at the 200-treatment level, higher compared to the control.  

 

Desktop XFM analysis of G. fragrantissima and G. punctata 

Whole live leaves from the highest-level dosing treatments were used for elemental mapping 

using the UQ microXRF facility as shown in Figs. 4 and 5 for G. fragrantissima and Fig. 6 

for G. punctata. In the whole leaves of G. fragrantissima, Mn is mainly localised at the apex 

of the leaf margin and petiole loading down to the leaf bases but more in old leaves than 

young leaves (Figs. 4 and 5). The concentration of Ca mirrors that of Mn at the leaf apex with 

strong enrichment in the leaf margins and petiole and with enrichment in the veins and midrib 

and at the lower base of the stem in old than in young leaves (Figs. 4 and 5). Cobalt 

distribution mirrors that of K with enrichment in the leaf margin, stipule, and lateral veins but 

Co is low in the midrib (Figs. 4 and 5). Zinc is strongly enriched in the leaf margins, and 

towards the leaf apex and stem (Figs. 4 and 5). However, in G. punctata, although the 

distribution of Mn mirrors that of Ca, but high enrichment of Ca than Mn can be seen 

throughout the leaf blade of young and in stem than in old leaves (Fig. 6). The distribution of 

Zn is in the stem and petioles and with small circular patches of ‘dots’ concentration of Co 

and Zn visible in young leaf margins but their concentrations (i.e., Co and Zn) in G. punctata 

is low as compared to that in G. fragrantissima (Figs. 4 and 5).  

 

Synchrotron XFM analysis of G. fragrantissima 

The results of the elemental distribution in leaf and root cross-sections as well as in whole 

leaf of G. fragrantissima using the X-ray florescence microscopy (XFM) beamline are shown 

in Figs. 7, 8 and 9, respectively. In the leaf cross section, there is a strong enrichment of Ca, 

Co, Mn, Ni, K and Zn in the lower and upper epidermis, and in the cuticle, collenchyma and 
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parenchyma but low in the xylem and phloem (Fig. 7). Whereas in the root cross section, the 

concentration of Co, K, Mn and Zn are predominantly high in the cortex and phloem, but low 

in the epidermis and xylem (Fig. 9). In the whole leaf of G. fragrantissima, the distribution of 

Co mirrors that of Ni, Mn and Zn with strong enrichment at the leaf bases (Fig. 8). In 

contrast, K distribution tends to be concentrated (more than half) at the upper part of the leaf 

(Fig. 8). Calcium is strongly enriched at the leaf margin, midrib and veins (Fig. 8).  

 

DISCUSSION 

This study assessed 20 species of Gossia for the occurrence of Mn, Co and Zn 

hyperaccumulation. As a result, eight were found to be Mn hyperaccumulators and can be 

termed ‘hypermangaǹesophores’ (species with >10 000 µg g-1 Mn in foliage).54 Gossia hillii 

could also be termed as such, although contains Mn from 500 to 5240 µg g-1 but has an 

outlier of up to 11 700 µg g-1 Mn (Fig. 1). Gossia punctata, G. byrnesii, G. inophloia, G. 

lewisensis, G. macilwraithensis, G. lucida, G. acmenoides, G. floribunda, G. retusa and G. 

myrsinocarpa did not hyperaccumulate Mn. However, three of these Mn non-

hyperaccumulators species (G. inophloia, G. lewisensis and G. macilwraithensis) including 

G. hillii have previously been reported by Fernando et al.25 to accumulate high concentrations 

of Al. Gossia bamagensis was the strongest Mn hyperaccumulator plant among all the Gossia 

species assessed, whilst G. pubiflora and G. hillii were newly discovered to be Mn 

hyperaccumulator plants. This study also confirms earlier reports of Mn hyperaccumulation 

in G. bamagensis, G. grayi, G. shepherdii, G. sankowskyorum, G. gonoclada, G. bidwillii 28, 

55, 56 and G. dallachiana.37 In classifying plant species as Mn hyperaccumulators, either from 

chemical surveys of herbarium samples25, 29, 33, 34, 37, analysing fresh field or experimental 

material57, 58; provenance and within-species variation of the Mn hyperaccumulating trait 

need to be considered. As evident in all previous analytical data, there is considerable natural 
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variation among individual plants within a species. In the case of G. grayi for example, 

herbarium data indicated it is not a Mn hyperaccumulator25, yet a follow-up field study56 

provided contradictory findings. Similarly, G. lucida was indicated to be a Mn 

hyperaccumulator by McLay et al.37 which is in contrast to the findings of this study. 

Furthermore, while basic knowledge of Mn movement in planta based on crop experiments10 

predicts a positive correlation between leaf age and Mn concentration, the novel physiology 

of Mn hyperaccumulation may not clearly align with ‘normal’ plant processes. For example, 

field studies of Mn hyperaccumulating G. grayi and G. shepherdii showed Mn concentrations 

to be greater in young leaves compared to mature leaves.56  Other sources of variation include 

geographic effects, genetic variation, rhizosphere soil micro-organisms and/or root exudates 

that affect soil-Mn mobility.39, 59 Each of these aforementioned individual factors or various 

combinations thereof likely underpin intraspecies heterogeneity of Mn hyperaccumulation, 

whereas interspecies differences are primarily genetic.60, 61 

 

The accumulation of Mn, Co and Zn in G. fragrantissima confirms previous observations 

made by Fernando et al. 40 However, the concentrations of Zn (7780 µg g-1) and Co (345 µg 

g-1) were moderately higher in the previous report 40 compared to this study, whereas Mn 

levels exceeded their findings. The New Caledonian Gossia species, G. clusioides subsp. 

ploumensis with up to 10 000 µg g-1 Mn54 and up to 18 000 µg g-1 Mn in Gossia diversifolia 

62, have lower Mn concentrations than some of the newly analysed Australian Gossia species. 

The use of the XRF to chemically screen herbarium specimens has greatly bolstered 

discovery new hyperaccumulator plants in Southeast Asia31, New Caledonia30 and Papua 

New Guinea.34 
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Leaf-age-related differences in metal concentrations were only statistically significant for 

foliar Mn in G. fragrantissima, which was greater in the older leaves (Fig 3). This is 

consistent with conventional understanding of Mn phloem mobility10, but inconsistent with 

previous field data for Mn hyperaccumulating G. grayi and G. shepherdii.56 Analytical 

distribution maps of metals and other elements across whole-leaf surfaces (Figs 4, 5, 6, 8) 

capture Mn movement via the xylem, with some apical and marginal accumulation likely due 

to greater transpiration rates at leaf edges. Inverse Mn and K maps for both species (Figs 5 & 

8) match the findings of previous field studies of other Mn-hyperaccumulating species 

including Gossia’s.57 XFM elemental maps of G. fragrantissima leaves (Fig 8) showed 

similar basal leaf-surface distribution patterns for Mn, Zn and Fe compared to a more widely 

distributed Co.  Leaf Ca accumulation in cell walls was most evident in the leaf venation 

patterns delineated by thickened walls high in Ca.   

 

This study further confirms that G. fragrantissima is a hyperaccumulator of Co, Mn and Zn 

in a multi-factorial randomised block dosing trial. It accumulates Co, Mn and Zn far above 

the Co, Mn and Zn hyperaccumulation threshold in young and old leaves, with the highest 

recorded in old leaves at the highest treatment level. This is in contrast to G. punctata, which 

is not a hyperaccumulator of any of these metals. Older leaves have the highest 

concentrations of Co, Mn and Zn in G. fragrantissima compared to young leaves. Manganese 

accumulation as observed in G. fragrantissima and G. punctata suggests that unlike other 

major nutrient ions whose uptake is generally highly regulated 63, Mn is not similarly tightly 

controlled.63-65 Rather, it may have evolved through sequestration mechanisms that detoxify 

excess tissue Mn, even in non-metallophytes such as certain crop plants including lupins.66 

The higher Co concentration in old leaves of G. fragrantissima compared to young leaves 

may be due to the synergistic effect of Zn on Co uptake as was noted by Palit et al. 67 
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Increased Mn uptake observed in the Co+Mn+Zn and in the Co and Zn treatments may be 

due to the displacement of Mn from anionic functional groups in the presence of Co or Zn as 

suggested by Irving and Williams. 68 Similar observations have been made for Odontarrhena 

chalcidica treated with Co (Ni+Co and Ni+Co+Mn).69 These observations offer new insights 

into metal-ion antagonism and synergism in hyperaccumulators and provide useful baseline 

information for future studies into transport mechanisms that drive the phenomenon of metal 

hyperaccumulation. 

The XFM analysis showed the presence of elevated Co, Mn and Zn concentrations within the 

epidermal tissue (cuticle, collenchyma and parenchyma, lower and upper epidermis) with 

concentrations decreasing in the xylem and phloem in the leaf cross section of G. 

fragrantissima (Fig 7). Metal accumulation in epidermal and sub-epidermal cells of the leaf 

appears to be a common feature of metal accumulating plants as a similar observation has 

been found in the Mn hyperaccumulator, G. exul.39 The Zn hyperaccumulator Noccaea 

caerulescens has also been shown to have similar patterns of accumulation70-72, as have the 

majority of Ni hyperaccumulator species.73-77 In contrast, the mesophyll cell has been found 

to be the Mn sink for G. bidwillii.58 In G. amplexicaulis Mn was found to be stored in 

epidermal layers, the hypodermis and in mesophyll cells78, and in Maytenus fournieri it was 

accumulated only in the leaf epidermis and multi-layered hypodermis.39 In this study, high 

Co, Mn and Zn concentrations in the outer cortical root zone (Fig 9) shows the early stages of 

uptake. Redistribution through the phloem has also been observed for Ni but not for Co and 

Mn in other studies.79-85 This study highlights a new era of hyperaccumulator plants 

discovery, with the added advantage of identifying species of interest for further 

ecophysiological and elemental distribution investigation.  
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Figure 1. Cobalt, Zn and Mn accumulation in the genus Gossia revealed by systematic 

assessment of all the Gossia specimens at the Queensland Herbarium by the use of the X-ray 

Florescence Spectroscopy. Concentration values of Co, Zn and Mn are in µg g-1. ht is the 

hyperaccumulation threshold of Co (300 µg g-1), Zn (3000 µg g-1) and Mn (10 000 µg g-1). 

Keys to symbol of boxplots: open squares are the 25% to 75% quartiles, lines within the 

boxes indicates the median whereas the whiskers mark the maximum and minimum values 

and circles are outliers. Values below the limit of detection (LOD) were excluded.   
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Figure 2. Cobalt, Zn and Mn concentrations in young and old leaves of Gossia 

fragrantissima and Gossia punctata after exposure to different levels of Co, Mn and Zn 

treatments. Values are average of three replicates ± standard error. ht is the 

hyperaccumulation threshold of Co (300 µg g-1), Zn (3000 µg g-1) and Mn (10 000 µg g-1). 
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Keys to symbol of boxplots: open squares are the 25% to 75% quartiles, lines within the 

boxes indicates the median whereas the whiskers mark the maximum and minimum values 

and circles are outliers. Mean ± standard error followed by the same letter are not 

significantly different (p <0.05) as stated by Duncan-Waller K-ratio t-test. 
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Figure 3. Cobalt, Zn and Mn concentrations in young and old leaves of Gossia 

fragrantissima and Gossia punctata after exposure to different combinations of Co+Mn+Zn 

treatments. Values are average of three replicates ± standard error. ht is the 

hyperaccumulation threshold of Co (300 µg g-1), Zn (3000 µg g-1) and Mn (10 000 µg g-1). 

Keys to symbol of boxplots: open squares are the 25% to 75% quartiles, lines within the 

boxes indicates the median whereas the whiskers mark the maximum and minimum values 
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and circles are outliers. Mean ± standard error followed by the same letter are not 

significantly different (p <0.05) as stated by Duncan-Waller K-ratio t-test. 
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Figure 4. Laboratory µXRF maps of Ca, Co, Mn and Zn of intact terminal branch of Gossia 

fragrantissima.  
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Figure 5. Laboratory µXRF maps of Ca, Co, Mn and Zn of whole leaves (old to young 

leaves from left to right) of Gossia fragrantissima.  
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Figure 6. Laboratory µXRF maps of Mn, Ca, Co, Mn and Zn of intact terminal branch of 

Gossia punctata. 
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Figure 7. Synchrotron µXRF maps (Ca, Co, Mn, Ni and Zn) of leaf cross-section of G. 

fragrantissima. Concentration scale in wt% dry weight or in µg g-1 dry weight. Scale bar 

1000 µm. 
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Figure 8. Synchrotron µXRF maps (Ca, K, Fe, Co, Mn, Zn) of whole Gossia fragrantissima 

leaves (all mature leaves of approximately the same age). Concentration scale in wt% dry 

weight or in µg g-1 dry weight. Scale bar 1000 µm. 
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Figure 9. Synchrotron µXRF maps (Co, Mn, K, Zn) of root-cross section of Gossia 

fragrantissima. Concentration scale in wt% dry weight or in µg g-1 dry weight. Scale bar 

1000 µm. 
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