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ARTICLE INFO ABSTRACT

Available online 12 March 2009 Metal hyperaccumulators are a rare group of plant species that accumulate exceptionally high concentra-
tions of metals in above ground tissues without showing symptoms of phytotoxicity. Quantitative local-

PACS: isation of the accumulated metals in seed tissues is of considerable interest to help understand the eco-

89.60.—k physiology of these unique plant species. We investigated the spatial localisation of metals within seeds

87.23.-n of Ni hyperaccumulating Hybanthus floribundus subsp. adpressus, H. floribundus subsp. floribundus and

« i Pimelea leptospermoides and dual-metal (Cd and Zn) hyperaccumulating Thlaspi caerulescens using quan-
eywords:

titative micro-proton induced X-ray emission (p-PIXE) spectroscopy. Intact seeds were hand-sectioned,
sandwiched between Formvar films and irradiated using the 3 MeV high energy heavy ion microprobe
at ANSTO. Elemental maps of whole H. floribundus subsp. adpressus seeds showed an average Ni concen-
tration of 5.1 x 10> mg kg~! dry weight (DW) with highest Ni concentration in cotyledonary tissues
(7.6 x 10° mg kg~! DW), followed by the embryonic axis (4.4 x 10> mg kg~! DW). Nickel concentration
in whole H. floribundus subsp. floribundus seeds was 3.5 x 10> mg kg~! DW without a clear pattern of
Ni localisation. The average Ni concentration in whole P. leptospermoides seeds was 2.6 x 10> mg kg !
DW, and Ni was preferentially localised in the embryonic axis (4.3 x 10> mg kg~ ! DW). In T. caerulescens,
Cd concentrations were similar in cotyledon (4.5 x 10> mg kg~! DW) and embryonic axis (3.3 x 10> mg
kg~! DW) tissues, whereas Zn was highest in cotyledonary tissues (1.5 x 10> mg kg~! DW). In all species,
the presence of the accumulated metal within the cotyledonary and embryonic axis tissues indicates that
the accumulated metal was able to move apoplastically within the seed.
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1. Introduction

Ultramafic soils are naturally occurring metalliferous environ-
ments that are host to the majority of metal hyperaccumulating
plant species [1]. This rare group of plants possess specialised
physiological mechanisms that enable them to actively accumulate
metals in their above-ground tissues [2,3]. To classify plants as me-
tal hyperaccumulators, the concentration(s) of metals accumulated
must exceed threshold concentration with no toxicity symptoms
or reduction in growth. For example, for cadmium (Cd), nickel
(Ni) and zinc (Zn) hyperaccumulators threshold concentrations
have been suggested to be more than 100 mg kg~', 1000 mg kg !
and 10,000 mg kg~' dry weight (DW), respectively [3].

In the past decade, interest in elucidating the intriguing physi-
ological mechanisms that contribute to detoxification of the accu-
mulated metals in hyperaccumulating plants has grown many
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folds. The cellular distribution of the accumulated metals has been
investigated using a variety of microscopy techniques, namely en-
ergy dispersive X-ray analysis (EDXA) and micro-proton induced
X-ray emission (p-PIXE) spectroscopy [4-15]. The latter technique
is considered a reliable, micro-analytical tool, offering high sensi-
tivity and accuracy for quantitative elemental mapping in hyperac-
cumulating plant tissues [16]. The majority of these studies have
explored above-ground tissues, in particular leaves, which act as
the major sink for the accumulated metal(s). These studies suggest
that epidermal tissue act as depositories of the accumulated metals
[5,6,11], however, this pattern of localisation is not universal
among all metal hyperaccumulators. For example, Fernando et al.
[9], using p-PIXE spectroscopy, observed that manganese (Mn)
was preferentially localised in the palisade mesophyll of Mn hyper-
accumulators Gossia bidwillii and Virotia neurophylla. Cellular local-
isation in leaf tissues appears to be a species-specific metal
detoxification phenomenon.

Similarly, the spatial distribution of metals accumulated within
seed (fruit) tissue of metal hyperaccumulating plants is unclear.
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For example, Bhatia et al. [8] employed p-PIXE to study the seeds
of Ni hyperaccumulator Stackhousia tryonii and reported the high-
est Ni concentration in the seed wall (pericarp; 4,433 mg kg~ ! DW)
with a fraction of Ni being accumulated within endospermic
(309 mg kg~! DW) and cotyledonary (182 mgkg™! DW) tissues.
In contrast, Sagner et al. [15] using EDXA reported the highest Ni
concentration in the endosperm (14,000 mg kg~! DW) and pulp
tissues (mesocarp; 8,000 mg kg~! DW) of Ni hyperaccumulator
Sebertia acuminata. In Ni hyperaccumulating Thlaspi pindicum
seeds, preferential localisation was reported in the micropylar area
opposite the radicle and in the epidermis of cotyledons, relative to
the mesophyll [13]. A similar patterns has also been reported in Cd
hyperaccumulator T. praecox [12]. An evolutionary explanation of
metal compartmentation in seeds was offered by Bhatia et al. [8].
The authors suggested that localisation in the pericarp might deter
herbivores and/or provide protection against pathogen attack.
However, the localisation pattern observed in Sebertia acuminata,
T. pindicum and T. praecox does not support this hypothesis
[12,13,15].

In this study we employed n-PIXE spectroscopy to investigate
cellular compartmentation of Ni in three Australian, serpentine-
endemic Ni hyperaccumulators: Hybanthus floribundus subsp.
adpressus E.M. Benn. (family Violaceae), H. floribundus (Lindl.) F.
Muell. subsp. floribundus and Pimelia leptospermoides (family
Thymelaeaceae) [6,17]. We also report on the cellular compart-
mentation of Cd and Zn in seeds of dual-hyperaccumulating Thlaspi
caerulescens J. & C. Presl (family Brassicaceae), commonly found on
serpentine and non-metalliferous soils in temperate climates
[18,19]. To our knowledge, the presence of metals and elemental
localisation in these seeds has not been previously explored using
1-PIXE spectroscopy.

2. Materials and methods
2.1. Seed material

Air-dry H. floribundus subsp. adpressus seeds were procured
from Nindethana Seed Company (Albany, Western Australia). The
seeds were collected from a population near Ravensthorpe, Wes-
tern Australia in 1988. Seeds of H. floribundus subsp. floribundus
were procured from Kings Park Botanic Garden (West Perth, Wes-
tern Australia). Seeds were sourced from a population near Angus
Corner, Great Victorian Desert, Western Australia in 2002. Pimelea
leptospermoides seeds were collected from uprooted, abandoned
plants near Mt Wheeler, Queensland in 2001. Seeds of T. caerules-
cens were supplied by the Late Prof. R.R. Brooks (New Zealand) in
1999.

2.2. Sample preparation

In this study, seeds were prepared as described by Bhatia et al.
[8]. Briefly, seeds were cut longitudinally with a stainless steel ra-
zor blade and sandwiched between Formvar (in 2% w/v ethylene
dichloride) films. Samples were then mounted onto aluminium tar-
get holders [8] and stored in a desiccator until analysis. To avoid
redistribution of the elements, seeds were used unwashed prior
to p-PIXE investigation.

2.3. Micro-PIXE analysis

Nuclear microprobe analyses were performed on three inde-
pendent seed samples from each species using the 10 MV Tandem
accelerator at the Australian Nuclear Science and Technology Orga-
nization [20]. A proton beam of 3 MeV energy and current of
200-1000 pA was focused with a typical spot size of between 3
and 5 um. A high purity Ge detector with a 100 mm? active area,

located 33 mm from the sample was used to acquire p-PIXE spec-
tra. To reduce low energy X-rays and thus pile-up in the p-PIXE
spectrum, a 100 pm Mylar foil was positioned in front of the detec-
tor to attenuate X-rays from the light elements. The proton beam
was scanned over samples up to a maximum of 2.5 x 2.5 mm?
and samples were typically irradiated with a total charge between
2 and 5 pC. Further details regarding microprobe calibration and
data acquisition have been presented elsewhere [8]. List-mode
data files were collected using OM_DAQ and all further data anal-
yses were performed using the GeoPIXE II software package [21].
True elemental maps were generated using a Dynamic Analysis
(DA) matrix transform method of GeoPIXE II [22]. Region selection
analysis (RSA) using the DA method was used to extract represen-
tative concentration data and minimum detection limits from se-
lect regions (viz. testa, cotyledons and embryonic axis) within
seed sections from on-screen quantitative distribution maps. Ow-
ing to the low resolution of elemental maps, the selected regions
contained grouped cell types. For example, the embryonic axis con-
sisted of the epicotyl, hypocotyl and radicle. In addition, transects
were drawn across elemental maps using quantitative point anal-
ysis (QPA) based on the DA method in order to provide a typical
elemental profile across plant sections [7]. GenStat version
8.1.0.152 [23] was used for the statistical analysis of RSA results.
Data were subjected to ANOVA and Fisher’s LSD’s were calculated
to separate the means at a 95% level of significance (P < 0.05).

3. Results

Amongst whole seed sections of H. floribundus subsp. adpressus,
subsp. floribundus and P. leptospermoides, the concentration of Ni,
Ca and K, as determined by RSA, followed the order K> Ca > Ni
(Fig. 1; Table 1). The Ni hyperaccumulation level (i.e. 1.0 x 10°
mg kg~! DW) was exceeded in only H. floribundus subsp. adpressus
seeds with 5.1 x 10®> mg kg~! DW in whole seed sections (Table 1).
Elemental maps generated from whole seed sections of H. floribun-
dus subsp. adpressus and P. leptospermoides revealed a variable pat-
tern of localisation that was not uniform (Fig. 1). In H. floribundus
subsp adpressus, the Ni concentration was highest in the cotyle-
dons (7.6 x 10°> mg kg~! DW) while in P. leptospermoides, highest
Ni concentration of 4.3 x 10> mg kg~ ! DW occurred in the embry-
onic axis (Table 1). In both species, lowest Ni concentration oc-
curred in the testa, which was confirmed by quantitative point
analysis (QPA) profiles across seed sections (Table 1; Fig. 3). In con-
trast, concentration of Ni in H. floribundus subsp. floribundus was
statistically alike amongst tissue types, and ranged from
2.2 x 10°mgkg™! DW in the testa to 4.8 x 10> mgkg~! DW in
the embryonic axis (Table 1; Fig. 3).

An examination of elemental maps generated from whole seed
sections of Thlaspi caerulescens revealed that the concentrations of
Cd and Zn were not uniform amongst tissues (Fig. 2). Cadmium
concentration in whole seed sections was 32-folds higher than
the hyperaccumulation level (i.e. 1.0 x 10> mg kg ' DW), however
Zn concentration did not reach the hyperaccumulation level (i.e.
1.0 x 10* mg kg~ ! DW). The concentration of Cd and Zn was lowest
in the testa with concentration of 1.0 x 10°mgkg~! DW and
4.4 x 10> mg kg~! DW, respectively (Table 1). In the cotyledons,
QPA revealed a peak Cd and Zn concentration of 3.7 x 10* and
2.0 x 10* mg kg~! DW, respectively (Fig. 3).

4. Discussion

The preferential localisation of Ni in H. floribundus subsp.
adpressus and P. leptospermoides embryonic tissues (cotyledons
and embryonic axis) suggests the possibility of apoplastic move-
ment within seeds. The same reasoning may also explain the
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Fig. 1. Quantitative elemental maps showing distribution of Ni, Ca and K in air-dried seed longitudinal sections of Hybanthus floribundus subsp. adpressus (a)-(c), H.
floribundus subsp. floribundus (d)-(f) and Pimelea leptospermoides (g)-(i). Concentrations are in dry weight %. The transect outlined on Ni images relates to quantitative point
analysis (QPA) across seeds in Fig. 3. Where T, testa; C, cotyledon and E, embryonic axis.

preferential localisation of Cd and Zn observed in the embryonic
tissues of dual-hyperaccumulating T. caerulescens, and corroborate
with the results reported for seeds of Ni hyperaccumulating T. pin-
dicum [13] and Cd/Zn dual-hyperaccumulator T. praecox [12]. For
example, in T. praecox seeds, Cd was preferentially localised along
the embryonic axis, with Cd concentrations in the seed tissue fol-
lowing the order: epidermis (1,797 mgkg !)> mesophyll
(784 mg kg~') > aleurone (444 mgkg~!)>testa (47.8 mgkg™!).
These authors suggested that a transporter protein with a high
affinity for Cd assisted in the transport of Cd into the embryonic
tissues, particularly in the later stage of embryo development in
T. pindicum. Transporter proteins have been suggested to play a
role in metal uptake and homeostasis in hyperaccumulator plants,
as reported in the Cd/Zn hyperaccumulator T. caerulescens [24] and
the Ni hyperaccumulating T. goesingense [25]. However, to our
knowledge, their expression within seeds of hyperaccumulators
remains unknown.

Our results are in direct contrast with those of Bhatia et al. [8]
who observed highest Ni localisation in the fruit wall (pericarp;

Table 1

4433 mgkg~! DW) of Ni hyperaccumulator S. tryonii. These
authors indicated that Ni movement was principally symplastic
within fruit tissues owing to the lack of symplastic attachment be-
tween the filial generation (i.e. embryo and endosperm) and the
parent. This reasoning is in contrast with the observation of Sagner
et al. [15] who reported highest concentration of Ni in the rudi-
mentary endosperm of Ni hyperaccumulating S. acuminata fruit
(14,000 mg kg~! DW). Similarly, in Zn tolerant Biscutella laevigata
seeds, highest concentration of Zn was found in the endosperm,
and least in the testa, with concentration of 414 and 44 mg kg™!
DW, respectively [26]. These authors postulated that the endo-
sperm layer beneath the testa may act as a barrier, preventing Zn
from entering into embryonic tissues.

Despite the uniform pattern of Ni localisation within H. floribun-
dus subsp. floribundus seed tissues, the presence of Ni within the
embryonic axis suggests apoplastic movement of Ni. Compared
to subsp. adpressus, the low concentration of Ni in whole seed sec-
tions of subsp. floribundus is likely to be a result of the differences
in Ni hyperaccumulation amongst the parent plants (i.e. source of

Nickel concentration (mg kg~' DW) within seed sections of Hybanthus floribundus subsp. adpressus, H. floribundus subsp. floribundus, Pimelia leptospermoides; and Cd and Zn
concentration (mg kg~' DW) within seed sections of Thlaspi caerulescens. Concentrations (means + SE) were determined following dynamic analysis of individually selected
regions of three replicate seeds. Different letters within the same column indicate a significant difference (P < 0.05). Minimum detection limit (MDL; mg kg~' DW) of each

measurement is also presented.

Seed part analysed Hybanthus subsp.
adpressus

Hybanthus floribundus subsp.
floribundus

Pimelea leptospermoides  Thlaspi caerulescens Thlaspi caerulescens

mgNikg' DW  MDL  mg Ni kg~! DW MDL

mgNikg'DW MDL mgCdkg!'DW MDL mgZnkg 'DW  MDL

3.5+0.9 x 10%a
22106 x 10%a
40+09 x 10%a
48+09 x 10%a

51+12x10°b 5
1.0+0.2 x 10%a 11
7.6 +2.0 x 10°c 6
44+11x10°b 14

Whole section
Seed coat (testa)
Cotyledons
Embryonic axis

DN

26+03x10°b 2 32+08x10°b 31 1.1 £0.06 x 10°bc
1.0£03x10%a 4 1.0+£04 x 10%a 58 4.4+0.08 x 10%a
2.8+0.06 x10°’b 6 45+15x%x10°b 54 1.5+0.1 x 10°%c
43+05x%x10%c 3 3306 x10°b 72 1.0+0.3 x 10°b
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Fig. 2. Quantitative elemental maps showing distribution of Cd (a), Zn (b), Ca (c)
and K (d) in an air-dried seed longitudinal section of Thlaspi caerulescens.
Concentrations are in dry weight %. The transects outlined in the Cd and Zn images
relate to quantitative point analysis (QPA) across seed in Fig. 3. Where T, testa; C,
cotyledon and E, embryonic axis.

seed material). Reportedly, subsp. floribundus is a facultative spe-
cies, i.e. inhabiting both ultramafic as well as non-ultramafic soils,
whereas subsp adpressus is an obligate species, restricted only to
nickeliferous soils [27-29]. Pimelia leptospermoides is also an obli-
gate species on ultramafic soils and has been reported to accumu-
late variable levels of Ni (21-1620 mgkg™! DW) in its above-
ground tissue [30]. Owing to this behaviour, P. leptospermoides is
considered a ‘marginal’ hyperaccumulator, and like subsp. floribun-
dus, low Ni concentration in whole seed section may reflect low Ni
concentration in parent plants [31]. However, in both species,
insufficient data is available to elucidate the precise factors that
might influence the observed level of Ni concentration in seeds.

Zinc concentration in T. caerulescens seeds did not reach the
threshold concentration used to classify it as a Zn hyperaccumula-
tor; however, Cd accumulation exceeded the 100 mgkg ' DW
threshold concentration. These results are in agreement with those
of Vogel-Mikus et al. [12] who reported Cd but not Zn hyperaccu-
mulation in T. praecox seeds. These authors suggested that en-
hanced Cd mobility throughout the plant tissues, and increased
phloem loading during seed development, may be related to inef-
fective Cd compartmentalization in the parent plant. This explana-
tion requires further investigations to elucidate the precise
physiological mechanisms of Cd/Zn loading into seeds of dual-
hyperaccumulator T. caerulescens.

Amongst the studied hyperaccumulators, an eco-physiological
explanation to validate the transfer of metals from parent plants
into developing seeds is not immediately apparent. In Hybanthus
subspecies, studies have indicated difficulties in propagating seed
material and it is possible that elevated Ni concentration in seeds
may hinder their successful germination [32,33]. Bhatia et al. [8]
indicated that the high levels of Ni in S. tryonii pericarp tissues
may deter herbivores, however this explanation does not support
the results in the present study. A plausible explanation was of-
fered by Vogel-Mikus et al. [12] who suggested that compartmen-
tation of Cd and Zn in T. praecox cotyledonary epidermal tissues
might protect ancestral photosynthetic tissues of the expanded
cotyledons. Irrespective of the localisation pattern of the accumu-
lated metal, the presence of elevated concentrations in seeds sug-
gest that hyperaccumulators in the early stages of development
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Fig. 3. Quantitative point analysis (QPA) profiles derived from the micro-PIXE
analysis of Hybanthus floribundus subsp. adpressus, (a), H. floribundus subsp.
floribundus (b) and Pimelea leptospermoides (c) and Thlaspi caerulescens (d-e). The
profiles correspond to the typical transects outlined in Figs. 1 and 2. Statistical
errors of each point are indicated on the profile. Where T, testa; C, cotyledon and E,
embryonic axis.

will already contain some accumulated metal, however, the major-
ity of metal uptake will occur post-emergence.
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