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† Background and Aims Formation of calcium oxalate crystals is common in the plant kingdom, but biogenic
formation of calcium sulfate crystals in plants is rare. We investigated the morphologies and elemental composi-
tions of crystals found in phyllodes and branchlets of Acacia robeorum, a desert shrub of north-western Australia.
† Methods Morphologies of crystals in phyllodes and branchlets of A. robeorum were studied using scanning
electron microscopy (SEM), and elemental compositions of the crystals were identified by energy-dispersive
X-ray spectroscopy. Distributional patterns of the crystals were studied using optical microscopy together with
SEM.
† Key Results According to the elemental compositions, the crystals were classified into three groups: (1) calcium
oxalate; (2) calcium sulfate, which is a possible mixture of calcium sulfate and calcium oxalate with calcium
sulfate being the major component; and (3) calcium sulfate . magnesium oxalate, presumably mixtures of
calcium sulfate, calcium oxalate, magnesium oxalate and silica. The crystals were of various morphologies,
including prisms, raphides, styloids, druses, crystal sand, spheres and clusters. Both calcium oxalate and
calcium sulfate crystals were observed in almost all tissues, including mesophyll, parenchyma, sclerenchyma
(fibre cells), pith, pith ray and cortex; calcium sulfate . magnesium oxalate crystals were only found in mesophyll
and parenchyma cells in phyllodes.
† Conclusions The formation of most crystals was biologically induced, as confirmed by studying the crystals
formed in the phyllodes from seedlings grown in a glasshouse. The crystals may have functions in removing
excess calcium, magnesium and sulfur, protecting the plants against herbivory, and detoxifying aluminium
and heavy metals.

Key words: Acacia robeorum, biomineralization, calcium oxalate, calcium sulfate, crystal sand, druses,
Leguminosae, magnesium oxalate, Mimosoideae, prisms, raphides, styloids.

INTRODUCTION

Mineral formation in plants is common (Franceschi and
Nakata, 2005). In the biomineralization process, calcium is
the predominant cation in most organisms, and calcium-
bearing minerals comprise about 50 % of known biominerals
(Weiner and Dove, 2003). The most abundant minerals
formed by plants are silica, calcium carbonate and calcium
oxalate (Bouropoulos et al., 2001). Calcium is an essential
plant nutrient, which performs many fundamental functions
in cellular metabolism, and the divalent cation of calcium is
a counter-cation for inorganic and organic anions in
the vacuole (Marschner, 1995; White and Broadley, 2003).
The calcium concentration of plants varies between 1 and
.50 mg g21 dry mass (DM) depending on the species,
growing conditions and plant organ (Hawkesford et al.,
2011). Calcium deficiency is rare in nature, but excess soil
calcium excludes calcifuge plant communities from calcareous
soils (White and Broadley, 2003). Excess calcium is often pre-
cipitated in the form of calcium salts such as oxalate, carbon-
ate, sulfate, phosphate, silicate, citrate, tartrate and malate
(Franceschi and Horner, 1980; Pritchard et al., 2000; Weiner
and Dove, 2003).

Calcium oxalate is the most frequently reported calcium pre-
cipitate in higher plant families. Calcium oxalate occurs in most
plant tissues and organs such as roots, bark, stems, leaves,
flowers, fruits and seeds (Bouropoulos et al., 2001), and it
has been observed as an intra- and extracellular deposit
(Franceschi and Nakata, 2005). In many plant species, consider-
able resources of carbon and calcium are invested in crystal for-
mation. Plants accumulate crystals in the range of 3–80 % of
their dry weight, with up to 90 % of the total calcium in a
plant being present in the form of calcium oxalate (Franceschi
and Nakata, 2005). The roles of calcium oxalate are largely
unknown and probably variable (Prychid and Rudall, 1999).
Based on the prevalence of crystals, their spatial distribution,
and the variety of crystal shapes and sizes, a number of roles
for crystal formation have been proposed, i.e. roles in cellular
ion balance (sodium and/or potassium), in plant defence
against herbivory, in tissue rigidity and support, in detoxification
of oxalic acid or aluminium and/or heavy metals, in light
gathering and reflection, and in bulk calcium regulation
(Zindler-Frank, 1976; Franceschi and Horner, 1980; Nakata,
2003; Franceschi and Nakata, 2005).

The formation of calcium sulfate crystals is rare in plants,
and there are only a few reports on calcium sulfate formation
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in pith (Arnott and Pautard, 1970), in ray cells of the secondary
xylem (Miller, 1978), in mesophyll vacuoles and secretions
of salt glands (Storey and Thomson, 1994), on the surfaces
of conifer needles as a symptom of acid rain treatments
(Huttunen et al., 1990; Fink, 1991), and in substomatal cavities
of longleaf pine (Pritchard et al., 2000). Very little is known
about the role of calcium sulfate crystals in plant function.

Here, we investigated the occurrence of calcium crystals in
Acacia robeorum, a desert shrub from north-western Australia.
Acacia is a large and diverse genus that plays an important
global role in nutrient, water and carbon cycling, especially
in dry ecosystems. One key feature of most Australian
Acacia species is their phyllodes, a type of foliar organ that
is morphologically distinct from an ordinary leaf (Boke,
1940). A. robeorum is a hardy species that tolerates growth
in a range of soil types and may hold potential for growth
on calcium-rich substrates associated with mine site restor-
ation. In a previous study, a very high leaf mass per unit leaf
area (LMA) was found for A. robeorum (He et al., 2011),
and concentrations of calcium, magnesium and sulfur in
the phyllodes [the functional equivalent of leaves for
A. robeorum (Fig. 1)] were considerably higher than the ‘suf-
ficient concentrations for adequate growth’ (Kirkby, 2011). It
was hypothesized that the high LMA and high calcium, mag-
nesium and sulfur concentrations were due to the formation of
crystals containing these elements, and this hypothesis is tested
here using microscopic techniques. In this study, morphologies
and elemental compositions of the crystals are presented, pos-
sible causes of the formation of the crystals are discussed and
potential functions of the crystals are proposed.

MATERIALS AND METHODS

Plant materials

Plants of Acacia robeorum Maslin (Leguminosae:
Mimosoideae) are diffuse, spreading, openly branched, multi-
stemmed shrubs, 2–3 m tall, phyllodes short and narrow
[15–25(–35) × (1–)2–3(–4) mm] (Maslin and van

Leeuwen, 2008). Study samples were collected from the
plants’ natural habitat, a rocky sand plain in the Great Sandy
Desert in north-western Australia (21 883′S, 122 816′E). Six
mature plants of similar size were selected, and ten healthy
branches were cut from the centre of the crown of each plant
and immediately placed in self-sealed plastic bags. The fresh
collected samples were placed in a coolbox half-filled with
ice and then transported to the laboratory.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS)

Fresh, healthy and intact mature phyllodes (the youngest
fully expanded phyllodes without any sign of damage due to
insect bites or disease) were fractured by hand, and the branch-
lets from which the phyllodes were sampled were cut with a
double-edged razor blade. Both were fixed in formalin/acetic
acid/alcohol [FAA; 5 % (v/v) formalin, 5 % (v/v) acetic acid
and 70 % (v/v) ethanol]. Due to the effects of acetic acid,
calcium salts of phosphate and carbonate (if there were any)
were removed (Berg, 1994; Lersten and Horner, 2011). The
FAA-fixed samples were dehydrated in an ethanol series (70,
95 and 100 % dry ethanol), critical point-dried, mounted on
SEM aluminium stubs with double-sided carbon tape and
coated with gold. Images were captured with a Zeiss 1555
field-emission variable-pressure scanning electron microscope
(Carl Zeiss, Oberkochen, Germany) at 5–10 kV. Crystals in
SEM images were measured using Image J to obtain their
sizes. Qualitative X-ray microanalyses were performed on
certain crystals using an Si (LI) EDS machine (Oxford
Instruments, Oxford, UK) on the same variable-pressure
microscope at 20 kV.

Optical microscopy

Fresh, healthy and intact mature phyllodes were cut into
small segments (about 3–5 mm long) using a double-edged
razor blade and fixed in 2.5 % (v/v) glutaraldehyde in

FI G. 1. Phyllodes are the functional equivalent of leaves for Acacia robeorum. (A) A shrub of A. robeorum in its natural habitat, a phyllode of the plant is shown
in the oval inset at the bottom right. (B) UV autofluorescence of a cross-section of the phyllode showing the presence of chlorophyll a (red); xylem and phloem
fibre cells appear in blue. Cells with chlorophyll are referred to as mesophyll cells, and cells without chlorophyll (except epidermis and vascular tissues) are

referred to as parenchyma cells. Abbreviations: Ep, epidermis; Fi, fibre; Me, mesophyll; Pa, parenchyma; Xy, xylem. Scale bar in B ¼ 100 mm.
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phosphate-buffered saline at pH 7.4, dehydrated in an ethanol
series (50, 70, 90, 100 %, v/v), then infiltrated and embedded
with glycol methacrylate (O’Brien and McCully, 1981).
Cross-sections of embedded samples were cut at a thickness
of 2 mm with dry glass knives, and sections were stained
with 0.05 % (w/v) toluidine blue O in benzoate buffer at pH
4.4. The stained sections were photographed under transmitted
light with a Zeiss Axioplan Microscope equipped with a Zeiss
Axiocam digital camera (Carl Zeiss). Similar areas from un-
stained adjacent sections were imaged with an Olympus
BX43 upright microscope (Olympus Corporation, Tokyo,
Japan) between crossed polarizers, which cause the birefrin-
gent crystals to appear as very bright objects against the
darker tissue background (Ilarslan et al., 2001). Xylem and
fibrous cells also become birefringent due to their rich cellu-
lose deposits (Bosca et al., 2006).

Analyses of phyllode element concentrations

Healthy and intact mature phyllodes were taken from each
sampled branch and washed in deionized water to remove
dust. Phyllodes from all ten branches of each plant were
pooled and then oven-dried at 70 8C for 72 h. Dried samples
were finely ground using a ball mill, digested in hot concentrated
HNO3/HClO4 (3 : 1) (Zarcinas et al., 1987), and analysed for
phosphorus, sulfur, sodium, magnesium, potassium, calcium,
aluminium, iron, manganese, copper, zinc and molybdenum
concentrations using an inductively coupled plasma atomic
emission spectrometer (PerkinElmer, Inc., Waltham MA,
USA). The ground samples were also used for total carbon and
nitrogen analyses using a Vario MACRO Elemental CN
Analyser (Elementar Analysensysteme GmbH, Hanau,
Germany).

Data analysis

A one-sample t-test (a ¼ 0.05) was performed for phyllode
element concentrations using the SPSS 19.0 software package
(SPSS Inc., Chicago, IL, USA).

RESULTS

Morphologies of crystals

Crystals of various morphologies formed in phyllodes and
branchlets of A. robeorum, and sizes of the crystals varied
greatly (Figs 2 and 3, Table 1). In phyllodes, we observed pris-
matic crystals (Fig. 2A, B), bundles of raphides with similar
orientations (Fig. 2C, D), raphides with different orientations
developing from the same nucleation site (Fig. 2E), solitary
styloids (Fig. 2F), styloids as nucleation sites with a few or nu-
merous raphides developing on them (Fig. 2G, H), styloid
druses (Fig. 2I), and bundles of crystals which are intermediate
forms of styloid and raphide (Fig. 2J). There were also platy
aggregation clusters (Fig. 2K, L), tabular crystal druses
(Fig. 2M), blocky and tabular crystal druses (Fig. 2N), platy
crystal druses (Fig. 2O), crystal sand (Fig. 2P), tetrahedral
crystal druses (Fig. 2Q) and spherical crystals (Fig. 2R).

In branchlets, the crystals observed included: prismatic crys-
tals (Fig. 3A, B), raphides (Fig. 3C), solitary styloids

(Fig. 3D), clusters of raphides and styloids (Fig. 3E),
bundles of crystals which are intermediate forms of styloids
and raphides (Fig. 3F) and bladed aggregation clusters
(Fig. 3G, H). Styloid druses, bladed aggregation druses and
crystal sand were also observed in branchlets.

Elemental compositions of crystals

Results of qualitative X-ray microanalyses showed that crys-
tals formed in phyllodes and branchlets of A. robeorum were
of various elemental compositions (Fig. 4, Table 1). Based
on the elemental compositions, the crystals were classified
into three major groups.

The first group (1) of crystals showed large calcium, carbon
and oxygen peaks (Fig. 4A), suggesting these crystals were
calcium oxalate; this group included prismatic crystals,
raphides (solitary, bundles and clusters) and styloids (solitary,
bundles, druses and clusters) (Figs 2A–J, 3A–F).

The second group (2) of crystals showed obvious calcium,
sulfur and oxygen peaks and a small carbon peak (Fig. 4B),
and sometimes there was a small potassium peak (Fig. 4C), in-
dicating these crystals were possible complex compounds of
which calcium sulfate was the major component and calcium
oxalate was the minor component (crystals of this group are re-
ferred to hereafter as calcium sulfate). Crystals of this group
included platy aggregation clusters, tabular crystal druses,
blocky and tabular crystal druses, platy crystal druses, bladed
aggregation clusters, bladed aggregation druses, crystal sand
and tetrahedral crystal druses (Figs 2K–Q, 3G, H).

The third group (3) of crystals showed large calcium, mag-
nesium, sulfur and oxygen peaks and small potassium, carbon
and silicon peaks (Fig. 4D), indicating these crystals were
compounds that were more complex than the second group.
These crystals were possibly mixtures of calcium sulfate,
calcium oxalate, magnesium oxalate and silica; crystals
belonging to this group are referred to as calcium sulfate .

magnesium oxalate hereafter, and they were all spherical
(Fig. 2R).

EDS spectra from the whole or part of the cross-sections of a
phyllode rather than from a single crystal showed large
calcium, carbon, sulfur and oxygen peaks and small magne-
sium, potassium and silicon peaks (Fig. 4E), whereas cells
without crystals showed only a large carbon peak and a
small oxygen peak (Fig. 4F), confirming calcium, magnesium,
potassium, sulfur and silicon peaks were from the crystals,
rather than from tissues that did not form crystals.

Locations and abundance of crystals

As listed in Table 1, crystals of all three major groups were
of great abundance in phyllodes, while calcium oxalate and
calcium sulfate were also found in great abundance in branch-
lets. Both calcium oxalate and calcium sulfate were observed
in almost all tissues in phyllodes and branchlets, including
mesophyll, parenchyma, sclerenchyma (fibre cells), pith, pith
ray and cortex (Figs 2, 3, 5). Locations of some types of crys-
tals were tissue-specific: for example, prismatic crystals were
found only in phloem fibre cells or in cells associated with
phloem fibre cells in phyllodes (Fig. 5B, C, F), and they
were found in pith, pith ray cells and cortical cells associated
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FI G. 2. SEM images of various crystals in a phyllode of Acacia robeorum. (A) Several prismatic crystals (arrows) associated with phloem fibre cells (arrowheads).
(B) A single hexagonal prismatic crystal. (C) Bundles of raphides with similar orientations (arrows) in the mesophyll. (D) A bundle of raphides with similar orienta-
tions (arrow) in the parenchyma. (E) Raphides with different orientations developing from the same nucleation site in the parenchyma. (F) A solitary styloid in the
mesophyll. (G) A styloid with two raphides in the parenchyma. (H) A styloid with numerous raphides in the parenchyma. (I) A styloid druse in a parenchyma cell. (J) A
bundle of crystals which are intermediate forms of styloid and raphide in the mesophyll. (K) A platy aggregation cluster which occupied almost a whole mesophyll cell.
(L) A platy aggregation cluster in a mesophyll cell. (M) A tabular crystal druse in a parenchyma cell. (N) A blocky and tabular crystal druse in a mesophyll cell. (O) A
platy crystal druse in a parenchyma cell. (P) Crystal sand in a mesophyll cell. (Q) A tetrahedral crystal druse in a parenchyma cell. (R) A spherical crystal in a par-

enchyma cell. Scale bars: (A, D, F, G) ¼ 20 mm; (B, I, K, P, Q) ¼ 10 mm; (C, E) ¼ 50 mm; (H) ¼ 25 mm; (J, L–O) ¼ 5 mm; (R) ¼ 2 mm.
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with phloem fibre cells in branchlets; calcium sulfate . magne-
sium oxalate crystals were present only in mesophyll and par-
enchyma cells in phyllodes; platy aggregation clusters were
found only in mesophyll cells; and tabular crystal druses and
platy crystal druses occurred only in parenchyma cells in
phyllodes.

Phyllode elemental concentrations

As listed in Table 2, calcium, magnesium and sulfur concen-
trations of A. robeorum were considerably higher than the
average values of three other Acacia species which grow at
nearby sites in the Great Sandy Desert (H. He et al., unpubl.
res.). The sulfur concentration was more than 40 times
higher than that sufficient for plant growth, while the
calcium concentration was about 15 times as high and the
magnesium concentration was four times higher than that for
sufficient growth (Kirkby, 2011).

DISCUSSION

The presence of calcium oxalate in plants is relatively common
(Franceschi and Nakata, 2005); however, biogenic formation
of calcium sulfate in plants is rare (Pritchard et al., 2000).
The present microscopic techniques showed that both
calcium oxalate and calcium sulfate crystals were present in
great abundance in phyllodes and branchlets of A. robeorum,
and elemental analyses revealed very high calcium, magne-
sium and sulfur concentrations in phyllodes. Possible causes

and potential functions are proposed for the formation of the
crystals.

Elemental compositions of the crystals and phyllode
elemental concentrations

Crystals in plants have been identified as calcium oxalate
using EDS in many studies (Horner and Wagner, 1992;
Berg, 1994; Braissant et al., 2004; Lersten and Horner,
2011). In contrast, only a few studies have reported calcium
sulfate (Huttunen et al., 1990; Storey and Thomson, 1994;
Pritchard et al., 2000) and magnesium oxalate (Rao and
Tewari, 1989). In the present study, elements such as
calcium, magnesium, potassium, carbon, silicon, sulfur and
oxygen were detected in crystals formed in phyllodes and
branchlets of A. robeorum, and the crystals were classified
into three major groups according to their elemental composi-
tions: (1) calcium oxalate, (2) calcium sulfate and (3) calcium
sulfate . magnesium oxalate. Determination of atomic percen-
tages to determine the stoichiometry of the crystals was not
possible as the nature of the samples does not allow quantita-
tive X-ray analysis. Due to the birefringent character of crys-
tals, polarizing microscopes are widely used for studying the
presence and distributional patterns of crystals in plants
(Lersten and Horner, 2011). However, in the present study,
only calcium oxalate crystals were birefringent, whereas the
other two groups of crystals were not (Fig. 5), and we specu-
late that the orientations of these crystals may affect the degree
of their birefringence.

FI G. 3. SEM images of various crystals in a branchlet of Acacia robeorum. (A) A prismatic crystal (arrow). (B) A pseudo-prismatic block. (C) Raphides
(arrows). (D) A few solitary styloids (arrows). (E) A cluster of raphides and styloids. (F) A bundle of crystals which are intermediate forms of styloid and

raphide. (G) Bladed aggregation clusters. (H) A bladed aggregation cluster. Scale bars: (A, D, E, F) ¼ 20 mm; (B) ¼ 5 mm; (C) ¼ 50 mm; (G, H) ¼ 2 mm.
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TABLE 1. Elemental compositions, shapes, sizes, locations and abundance of crystals formed in phyllodes and branchlets of Acacia robeorum

Elemental
composition (type) Shape Size Location Abundance

Ca C O (1) Prisms (Figs 2A, B, 3A, B) 5–10 mm side length Phloem fibre cells and cells associated with phloem fibre cells in
phyllodes; pith, pith ray cells, xylem fibre cells and cortical cells
associated with phloem fibre cells in branchlets

Present in .50 % of the cells,
only one per cell

Ca C O (1) Raphide bundles (Fig. 2C, D) 25–29.5 mm wide,
64.5–181.5 mm long

Mesophyll and parenchyma cells in phyllodes Varied greatly in different
parts of a phyllode, ≥1 per
cell

Ca C O (1) Raphide clusters on styloids (Fig. 2E, G, H) Not measured Parenchyma cells in phyllodes Varied greatly in different
parts of a phyllode, only one
per cell

Ca C O (1) Solitary raphides (Fig. 3C) Not measured Pith, pith ray cells, xylem fibre cells and cortical cells in branchlets Present in ,50 % of the cells,
≥1 per cell

Ca C O (1) Solitary styloids (Figs 2F, 3D) 6–112.5 mm long Mesophyll and parenchyma cells in phyllodes; pith, pith ray cells, xylem
fibre cells and cortical cells in branchlets

Present in ,50 % of the cells,
only one per cell

Ca C O (1) Styloid druses (Fig. 2I) 12–25 mm diameter Mesophyll and parenchyma cells in phyllodes; cortical cells in branchlets Present in ,50 % of the cells,
≥1 per cell

Ca C O (1) Bundles or clusters of crystals which are
intermediate forms of styloids and raphides
(Figs 2J, 3E, F)

Not measured Mesophyll and parenchyma cells in phyllodes; pith, pith ray cells, xylem
fibre cells and cortical cells in branchlets

Sporadic

Ca S C O (2) Platy aggregation clusters (Fig. 2K, L) 10–25 mm wide,
20–100 mm long

Mesophyll cells in phyllodes Present in .50 % of the cells,
only one per cell

Ca S C O (2) Tabular crystal druses (Fig. 2M) 20 mm diameter Parenchyma cells in phyllodes Sporadic, only one per cell
Ca S C O (2) Blocky and tabular crystal druses (Fig. 2N) 2.5–50 mm diameter Mesophyll and parenchyma cells in phyllodes Present in .50 % of the cells,

≥1 per cell
Ca S C O (2) Platy crystal druses (Fig. 2O) 12–16.5 mm

diameter
Parenchyma cells in phyllodes Sporadic, .1 per cell

Ca S C O (2) Crystal sand (Fig. 2P) Not measured Mesophyll and parenchyma cells in phyllodes; pith in branchlets Present in .50 % of the cells,
numerous per cell

Ca S C O (2) Bladed aggregation clusters (Fig. 3G, H) 3–4 mm wide, 4–
5 mm long

Xylem fibre cells Present in .50 % of the cells,
≥1 per cell

Ca S C O (2) Bladed aggregation druses (not shown in
figures)

2–5 mm diameter Pith and cortical cells in branchlets Sporadic, .1 per cell

Ca K S C O (2) Tetrahedral crystal druses (Fig. 2Q) 16–20 mm diameter Mesophyll and parenchyma cells in phyllodes Sporadic, only one per cell
Ca Mg K Si S C O
(3)

Spheres (Fig. 2R) 3.5–16 mm diameter Mesophyll and parenchyma cells in phyllodes Present in almost every
cell, ≥ 1 per cell

Data are summarized from SEM images of five cross-sections of a phyllode and three cross-sections of a branchlet, at least three EDS spectra for each type of crystal, together with optical microscope
images of six cross-sections of a phyllode.
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The results of the present study provide strong support that
more than one crystal habit, based on chemical composition,
may occur in the same plant, and that crystals may not neces-
sarily be calcium oxalate or calcium carbonate (Horner and
Wagner, 1992). It is clear that the high calcium, magnesium
and sulfur concentrations were due to the presence of abundant
crystals with these elements in phyllodes. The phyllode carbon
concentration of A. robeorum (313 mg g21 DM) was signifi-
cantly lower than the average of three other Acacia species
(494 mg g21 DM, H. He et al., unpubl. res.) which grow at
nearby sites in the Great Sandy Desert. The latter three
species formed much fewer calcium oxalate and calcium
sulfate crystals than A. robeorum, and no magnesium oxalate
crystals were observed in the three species (H. He et al.,
unpubl. res.). Compared with A. robeorum, the three species
have significantly lower LMA and higher phyllode nitrogen
concentration (He et al., 2011). Concentrations of some ele-
ments, for example, nitrogen, phosphorus and potassium,
might be low in phyllodes of A. robeorum, in part because
of the presence of the crystals.

Possible causes of the formation of the crystals

Crystals in higher plant families may occur in a single tissue
or in multiple tissues of an individual species. Distribution of

crystals within the plant is highly variable among species and
there are no generalities about the locations where crystals can
be formed (Franceschi and Nakata, 2005). Crystals are com-
monly found in members of all three subfamilies of the
family Leguminosae, and certain members of the family
contain leaf crystals which have distinct shapes and very spe-
cific patterns of distribution (Horner and Zindler-Frank, 1982;
Zindler-Frank, 1987). It is generally accepted that the morph-
ologies and precise locations of crystals are under strict genetic
control, and that a particular species will form only a certain
crystal type or subset of crystal morphologies (Franceschi
and Nakata, 2005).

A. robeorum is a striking example of a species that forms
numerous crystals with different habits in cells within close
proximity to each other (Bharadwaj, 1988; Horner and
Wagner, 1992). Indeed, calcium oxalate and calcium sulfate
of different morphologies coexist in phyllodes and branchlets
of A. robeorum. For example, calcium sulfate (platy aggrega-
tion clusters and druses) and calcium sulfate . magnesium
oxalate crystals were found in close contact with each other
within the same mesophyll and parenchyma cells in phyllodes.
Similarly, calcium oxalate raphides and calcium sulfate crystal
sand were also observed within the same mesophyll and paren-
chyma cells. Locations of certain types of crystals were tissue-
specific, while others were not. In addition, the abundance of

FI G. 4. EDS spectra of crystals and different areas of the cross-sections of Acacia robeorum phyllodes. The large peak to the left of the carbon (C) peak in each
spectrum is background noise, and the peak of gold (Au) is from the gold used to coat the samples. (A) Typical spectrum showing large calcium (Ca), carbon and
oxygen (O) peaks from EDS of crystals in Fig. 2A–J and Fig. 3A–F. (B) Typical spectrum showing large calcium, sulfur (S) and oxygen peaks and a small
carbon peak from EDS of crystals in Fig. 2K–P and Fig. 3G–H. (C) Typical spectrum showing large calcium, sulfur and oxygen peaks and small carbon
and potassium (K) peaks from EDS of crystals in Fig. 2Q. (D) Typical spectrum showing large calcium, magnesium (Mg), sulfur and oxygen peaks and
small carbon, silicon (Si) and potassium peaks from EDS of spherical crystal in Fig. 2R. (E) Typical spectrum showing large calcium, carbon, sulfur and
oxygen peaks and small magnesium, silicon and potassium peaks from EDS of the whole or part of the cross-sections of a phyllode. (F) Typical spectrum

showing only a large carbon peak and a small oxygen peak from EDS of cells without crystals.
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certain types of crystals, e.g. raphides, from different parts of a
phyllode varied considerably. Sizes of some crystals in the
mesophyll and parenchyma were much larger than in other
surrounding cells, possibly because of considerable expansion
of the idioblasts during crystal deposition (Franceschi, 1989).
Some of the crystals (Figs 2E, H, I, K, L, 3E–H) could be
extreme variations of a druse with many crystals developing
from a common nucleation site (Horner et al., 1981). Based
on SEM images, some crystals were speculated to occur extra-
cellularly in phyllodes; however, this could not be confirmed
by optical microscopy. Transmission electron microscopy
was not performed.

When A. robeorum seedlings were grown in soils with dif-
ferent levels of nutrients in a glasshouse, only calcium

oxalate prismatic crystals and spherical crystals occurred abun-
dantly in phyllodes; the number of calcium sulfate crystals in
phyllodes of these plants was much less than that found in the
phyllodes collected from the plants’ natural habitat, styloids
occurred sporadically and no raphides were observed (H. He
et al., unpubl. res.). This indicates that the formation of most
of the calcium oxalate and calcium sulfate crystals was not
constitutive in A. robeorum, but was biologically induced;
that is, the secondary precipitation of minerals occurs as a
result of interactions between biological activity and the envir-
onment (Weiner and Dove, 2003). The subsoil in the plants’
natural habitat is relatively rich in calcium, magnesium and
sulfur, in contrast to those of three other Acacia species
(Table 3), and it is likely that A. robeorum takes up these

FI G. 5. Optical microscope images of cross-sections of an Acacia robeorum phyllode. (A–D) Transmitted light; (E–F) polarized light. (A) A view of half of a
cross-section stained with toluidine blue. (B) Dark-stained prismatic calcium oxalate crystals (red arrows) in cells associated with phloem fibre cells and unstained
calcium sulfate crystals in mesophyll and parenchyma cells. (C) A few prismatic calcium oxalate crystals (red arrows) associated with phloem fibre cells, a
calcium oxalate druse (black arrow) and many calcium sulfate crystals (black asterisks) in parenchyma cells. (D) Calcium sulfate crystals in mesophyll cells
(red arrows) and occupying more than one cell (red asterisks). (E) A polarized view of a whole unstained cross-section showing birefringent calcium oxalate
crystals along vascular tissues and non-birefringent cells in the epidermis, parenchyma and mesophyll. (F) A polarized view showing birefringent xylem,
phloem fibre cells and calcium oxalate crystals (red arrows) associated with phloem fibre cells. Abbreviations: Ep, epidermis; Fi, fibre; Me, mesophyll; Pa, par-

enchyma; Ph, phloem; Xy, xylem. Scale bars: (A) ¼ 200 mm; (B) ¼ 100 mm; (C, D, F) ¼ 50 mm; (E) ¼ 500 mm.
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elements in excess of its requirement, rather than reducing
their uptake by roots.

Possible functions of the crystals

Calcium oxalate production is considered necessary for
regulating bulk calcium levels in plants that grow in environ-
ments where soluble calcium is relatively abundant and exclu-
sion of entry in the root zone is limited (Franceschi, 1989;
Volk et al., 2002). For A. robeorum, the crystals probably
play an important role in removing excess calcium, magne-
sium and sulfur. The shape, size, placement and sheer
number of crystals may also prevent herbivory by large
animals as well as insects (Berg, 1994; Finley, 1999;
Hudgins et al., 2003). No aluminium or heavy metals were

incorporated into any of the three major groups of crystals
formed in phyllodes and branchlets of A. robeorum, but alu-
minium, iron, mangnese and titanium were incorporated into
some calcium oxalate crystals formed on the phyllode
surface (data not shown). In addition, we found that alumin-
ium, iron, manganese, copper, zinc, titanium and vanadium
were incorporated into calcium oxalate and calcium sulfate
crystals in phyllodes of A. robeorum seedlings grown in a
glasshouse (H. He et al., unpubl. res.). This indicates a poten-
tial role of the crystals in detoxification of aluminium and
heavy metals, as reported previously (Franceschi and
Schueren, 1986; Mazen, 2004).

Conclusions

Both calcium oxalate and calcium sulfate crystals were
found in almost all studied tissues in phyllodes and branchlets
collected from the natural habitat of A. robeorum, including
mesophyll, parenchyma, sclerenchyma (fibre cells), pith, pith
ray and cortex, and they occurred in great abundance. The
crystals were of various morphologies, including prisms,
raphides, styloids, druses, crystal sand and clusters. Calcium
sulfate . magnesium oxalate crystals, which are possibly mix-
tures of calcium sulfate, calcium oxalate, magnesium oxalate
and silica, were also abundant in mesophyll and parenchyma
cells in phyllodes. Due to presence of the crystals, concentra-
tions of calcium, magnesium and sulfur were very high in
A. robeorum phyllodes. Formation of most of the crystals
was biologically induced, but the exact factors that induce
formation of the crystals require further investigation.
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