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SUMMARY

The localisation, chemical composition, and morphology of calcium (Ca) oxalate crystals in the leaves and stems of
Abelia mosanensis and of A. X grandiflora were analysed using a variable pressure-scanning electron microscope
(VP-SEM) equipped with an X-ray diffraction system, a low temperature SEM (LT-SEM), and a transmission
electron microscope (TEM). Foliar analyses of macro- and micro-elements were performed on the leaves and stems
of A. mosanensis. A greater number of Ca oxalate crystals were observed in A. mosanensis than in A. X grandiflora.
Three morphologically distinguishable types of crystals were observed: the prismatic crystals found inside the
chloroplast, multifaceted star-like spherical and bladed aggregate crystals (druses) inside the vacuoles of the
mesophyll cells, and small angular crystals (sand crystals) inside the cuticle. Semi-solid crystals that may drip and
accumulate to become a solid Ca oxalate crystal were observed by LT-SEM, which indicated the growth of druses of
Ca oxalate crystals. The growth of prismatic crystals and of druses were evident through the formation of crystalline
lamellae. Micro-analysis indicated that the crystals were Ca oxalate and contained magnesium in A. mosanensis, or
silicon in A. X grandiflora. Abelia stems with low foliar calcium concentrations showed no Ca oxalate crystal
formation. This is the first report, to our knowledge, on the presence and possible growth of crystals of different

morphologies and chemical compositions in Abelia.

Calcium (Ca) is generally abundant in the
environment (Kirkby and Pilbeam, 1984), and the
formation of Ca-salt crystals such as Ca oxalate in plants
provides high-capacity calcium (Ca) regulation and
protection against herbivory (Franceschi and Nakata,
2005). Ca oxalate crystals are common in many plant
species (Arnott and Pautard, 1970) and have been
reported in 215 plant families including members of the
Cactaceae and Orchidaceae (Franceschi and Horner,
1980; Ward et al., 1997), and are present in flowers
(Horner and Wagner, 1980), leaves (Franceschi, 1984),
and stems (Doaigey, 1991).

Ca oxalate crystals are known to occur as intracellular
or extracellular deposits (Franceschi and Nakata, 2005).
Most studies on the formation of Ca oxalate crystals
have reported a positive relationship between the Ca
concentration in the growth medium and crystal
production (Borchert, 1985; Franceschi, 1989; Zindler-
Frank, 1975). The elemental composition of these
crystals indicated that Ca oxalate and Ca sulphate
occurred in almost all tissues, and that Ca sulphate-
magnesium oxalate crystals occurred only in the
mesophyll cells of Acacia robeorum Muslin (He et al.,
2012). However, no information is available on the
relationship between Ca concentrations in leaves and
stems, and the presence of Ca-salt crystals in cells.

*Author for correspondence.

Ca oxalate crystals are considered to be the most
commonly occurring biomineral in higher plants
(Arnott, 1982; Franceschi and Horner, 1980; Franceschi
and Nakata, 2005). In fact, Ca oxalate-producing plants
accumulate Ca oxalate at between 3% — 80% (w/w) of
their dry weight (DW; Libert and Franceschi, 1987), and
up to 90% of the total Ca in the plant is in Ca oxalate
crystals (Gallaher and Jones, 1976).

Ca oxalate crystals were first described in plants by
Antonie van Leeuwenhoek in the late 1600’s using a
simple light microscope (Arnott and Pautard, 1970). A
number of crystal forms have been found including
block-like prismatic crystals (prismatic crystals) present
as one or more crystals per cell, large and elongated
rectangular styloids that occur as a single crystal in a cell,
bundles of needle-shaped raphide crystals, masses of
small angular crystals referred to as crystal sands (or
sand crystals), and multifaceted star-like spherical and
bladed aggregate crystals called druses. Ca oxalate
crystals have been documented in detail using
polarisation microscopy, X-ray diffraction (Frey-
Wyssling, 1981), infra-red spectroscopy (Scureld et al.,
1973), scanning electron microscopy (SEM), and more
recently by transmission electron microscopy (TEM;
Arnott, 1976; Arnott and Pautard, 1970; Franceschi and
Horner, 1980; Franceschi and Nakata, 2005; Horner and
Franceschi, 1981; Nakata, 2012).

However, to our knowledge, there have been no
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reports on the presence of Ca oxalate crystals in
members of the genus Abelia (family Caprifoliaceae),
which is widely used as a deciduous ornamental shrub
with fragrant flowers. Abelia X grandiflora is considered
to be non-harmful to young children (Cuadra et al.,
2012), based on the absence of Ca oxalate crystals and
other toxic chemical constituents. In this paper, we have
investigated and report on the localisation, chemical
composition, and shape of Ca oxalate crystals in A.
mosanensis 1. C. Chung ex Nakai and in A. X grandiflora
(Rovelli ex André) Rehder, analysed using a variable
pressure-scanning electron microscope (VP-SEM)
equipped with an X-ray diffraction system, a low
temperature SEM (LT-SEM), and a TEM.

MATERIALS AND METHODS
Plant material

Nine-year old, field-grown Abelia mosanensis plants
with 45 cm-long shoots and 13 nodes, and five-year-old
pot-grown A. X grandiflora plants with 15 cm-long
shoots and nine nodes were used. Shoots were harvested
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between 08.00 — 09.00 h, placed in distilled water and
maintained at 20°C until being sampled for microscopy
in less than 2 h. Three-to-five shoots were harvested from
each plant. Leaves formed at the sixth-to-seventh node
in A. mosanensis, and leaves formed at the fourth and
fifth nodes in A. X grandiflora were used for VP-SEM,
LT-SEM, and TEM analysis. Single-node cuttings of A.
mosanensis were rooted, without root-promoting
hormone treatment, in an air-conditioned greenhouse
(Lee and Roh, 2001) and used for micro-analysis as
described below.

Variable pressure-scanning electron microscopy (VP-SEM)

An S-3700 VP-SEM (Hitachi High Technologies
America, Inc., Pleasanton, CA, USA) fitted with an
Oxford Instruments INCA® X-Ray Diffraction System
was used. Micro-analysis was performed in cells without
crystals (Ce) and on crystals (Cr) in both species. Further
analyses were performed on roots, calli formed at the
stem bases, and stem bases of A. mosanensis. Data (n = 4
for each sample) were collected with a minimum of
50,000 counts s per sample. Carbon (C), nitrogen (N),

Fic. 1
Variable pressure-scanning electron microscope (VP-SEM) images of transverse sections of stems (Panels A, B) and leaves (Panel C) of A. mosanensis,
and a leaf of A. X grandiflora (Panel D) showing druses (arrows). No druses were observed in the vascular bundles or the pith (Panel A). Numerous
druses were observed in the cortical collenchyma cells in leaf traces (arrows and dotted circle; Panel B) and in mesophyll cells between the epidermis
and the leaf trace in A. mosanensis (Panel C), and between the epidermis and the vascular bundles in the mid-vein of A. X grandiflora (Panel D).
Arrows denote the locations of Ca oxalate crystals. Scale bars = 2 mm (Panel A); 300 um (Panel B); 400 um (Panel C); and 500 um (Panel D).
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oxygen (O), magnesium (Mg), silicon (Si), phosphorous
(P), sulphur (S), chlorine (Cl), potassium (K), and Ca
were analysed and the INCA® software programme was
used to convert X-ray counts s™' to a percentage weight
after all the counting was completed.

Data were subjected to analysis of variance using SAS
Software Version 9.00 (Statistical Analysis System,2002).
Means were compared by Tukey’s honestly significant
difference (HSD) test at P < 0.01.

Low temperature-scanning electron microscopy (LT-SEM)
Leaves and stems were sampled for observation using
an S-4700 field emission scanning electron microscope
(Hitachi High Technologies America, Inc.) equipped
with a Quorum PP2000 cryotransfer system (Energy
Beam Sciences, East Grandby, CT, USA). Samples were
placed on copper plates, as described by Roh er al.
(2012). Images were obtained using a 4pi Analysis
System (Durham, NC, USA) integrated onto the SEM.

Transmission electron microscopy (TEM) of
chloroplasts

Leaf tissue pieces (1 mm?) were fixed overnight at
room temperature in 2.5% (v/v) glutaraldehyde buffered
with 50 mM sodium cacodylate pH 7.2 and post-fixed in
2% (v/v) osmium tetroxide buffered with 50 mM sodium
cacodylate pH 7.2. Samples were dehydrated through a
graded acetone series in double distilled H,O [30 min
each in 20%,40%,60%,80% and 90% (v/v) acetone and
three X 30 min in 100% (v/v) acetone], infiltrated with
Spurr’s low-viscosity embedding resin (Spurr, 1969) and
acetone [4 h each in 20%,40%,60%, and 80%, and three
X 4 h in 100% (v/v) acetone], and polymerised at 65°C
for 24 h. Thick sections (90 mm) were cut on a Reichert
A/O Ultracut microtome (American Optical Co.,
Southbridge, MA, USA) using a diamond knife
(DiATOME USA, Hatfield, PA, USA) and mounted on
400-mesh nickel grids. Sections were stained with 4%
(w/v) aqueous uranyl acetate for 15 min, followed by 3%
(w/v) aqueous lead citrate for 5 min. Specimens were
viewed with a Hitachi HT 7700 TEM (Hitachi High
Technologies America Inc., Schaumburg, IL, USA) and
images were captured using an AMT XR-41C 4
megapixel camera.

Tissue analysis of macro- and micro-elements in the
stems and leaves of A.mosanensis

Leaves formed at the seventh node from the proximal
end of 15 — 20 shoots, and the internode subtending the
leaf, were collected for macro- and micro-eclement
analysis (tissue analysis) in triplicate (JR Peters
Laboratory, Allentown, PA, USA; Roh ef al.,2012) on a
inductively-coupled atomic emission spectrometer
[(ICP)-IRIS plasma spectrometer; Thermo Jarrell Ash
Corp., Franklin, MA, USA]. Only the data for K, Ca, and
Mg concentrations are presented. Data were subjected to
analysis of variance, and means were compared by
Tukey’s HSD test.

RESULTS
Images and chemical compositions using VP-SEM and
tissue analysis for macro- and micro-elements

Multifaceted spherical and bladed aggregate crystals
(druses) were observed in the cells of stems (Figure 1A,
B) and leaves (Figure 1C) of A. mosanensis by VP-SEM.
Druses were observed in cortical cells of the
collenchyma tissue of the stem, but not in cells of the
vascular bundles, pith, or periderm tissue of the stem, or
in mesophyll cells surrounding the vascular bundles
(Figure 1C). A few druses were observed in A. X
grandiflora cells between the epidermis and the vascular
bundles of the mid-vein of the leaf (Figure 1D). No
druses or prismatic crystals were observed using VP-
SEM in the epidermis in either species.

X-ray diffraction analysis for the chemical
compositions of stems and leaves of A. mosanensis and
A. X grandiflora detected Ca, Cl, K, Mg, P, S, and Si
(Figure 2). Micro-analysis of cells from the leaves and
stems of A. mosanensis, where no druses were present
(Ce), indicated the presence of Ca, K, Mg, P, and S in
leaves and Ca, K, and S in stems (Figure 2). Druses
contained Mg in the leaves of both species, but only in
the stems of A. mosanensis (Figure 2). Concentrations of
K in druses in A. mosanensis [3.20 — 3.65% (w/w)] were
higher than in cells [2.05 — 2.28% (w/w); Table I]. One
exception where the Ca concentration was higher in the
druse [20.60% (w/w)] than in the cell [8.58% (w/w)] was
in the stems of A. X grandiflora. Mg concentrations in A.

TABLE 1
Calcium (Ca), magnesium (Mg), and potassium (K) concentrations [% (w/w)] measured by quantitative X-ray diffraction in leaves and stems of
A. mosanensis and A. X grandiflora

Species Tissue Cell or crystal® Mg [%(w/w)] Ca [%(w/w)] K [%(w/w)] Ca/Mg ratio
A. mosanensis Leaf Cell 0.16 229 2.07 14.3
Crystal 0.26 6.82 6.85 26.2
Stem Cell 0.07 2.87 1.25 41.0
Crystal 0.16 4.75 1.25 29.7
A. X grandiflora Leaf Cell 0.26 8.58 428 33.0
Crystal 0.15 20.60 0.50 137.3
Stem Cell 0.91 1.67 0.29 1.8
Crystal 0.21 0.50 0.48 2.4
Level of significance*
Species (SP) * * * -
Tissue (TS) #* ok ok -
Cell vs. Crystal (CC) ek sk ek -
SP X TS * sk ns -
SP X CC * ns ok -
TS X CC * * ns -
SP X TS X CC ns * ns -
HSD at P<0.01 0.073 1.38 0.84 -

Each X-ray analysis was performed by targeting a cell without any crystal (Cell), or the centre of a crystal.

Data for carbon, nitrogen, oxygen, silicon, phosphorus, sulphur, and chlorine are not presented. The totals would be 100% if the percentages (w/w) of

these elements were added to the calcium, magnesium, and potassium data shown.
ns,*, ** not significant, or significant at P < 0.05, or P < 0.01, respectively by Tukey’s HSD test.
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A. mosanensis A. * grandiflora

X-ray count s (X 1,000)
Leaf

X-ray count s~ (X 1,000)
Stem

[ ]
01234586 0123456 0123456 0123456 keV
X-ray energy X-ray energy X-ray energy X-ray energy

FiG.2
Typical energy-dispersive X-ray spectroscopy spectra of cells of A. mosanensis or of A. X grandiflora without Ca oxalate crystals (Ce) or with Ca oxalate
crystals (Cr). Large peaks on the left of each spectrum (mainly for carbon, hydrogen, and oxygen) are not labelled. X-ray counts for calcium (Ca),
potassium (K), magnesium (Mg), sulphur (S), fluoride (F), and silicon (Si) are presented.

FI1G.3
Low temperature scanning (Panels A-D) and transmission (Panels E, F) electron microscope images of A. mosanensis. Numerous druses (arrows)
are shown in the cortex (Panel A). Prismatic or sand crystals are shown in the cuticle of the lower epidermis (Panels B, C). Sand crystals are shown
in the upper epidermis (Panel D). Numerous prismatic Ca oxalate crystals are shown in the cuticle (CU) adjacent to the cell wall (CW; Panel E).
Magnified images of prismatic crystals are shown in Panel F. Scale bars = 50 um (Panel A); 5 um (Panels B and D); 2 um (Panel C and F); and
10 um (Panel E).
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TABLE 11
Analysis of leaf and stem cells of A. mosanensis using an inductively
coupled atomic emission spectrometer-IRIS plasma spectrometer

Potassium Calcium Magnesium
Tissue [%(wiw)]* [%(wiw)] [%(wiw)]
Leaf 0.14 213 0.17
Stem 0.15 0.49 0.08
Level of Significance * % %
HSD at P <0.01 0.09 0.04 0.02

‘Data for other macro- and micro-elements are not presented.
i #% Significant at P <0.05, or P <0.0 1%, respectively by Tukey’s HSD
test.

mosanensis cells were either low [0.07% (w/w)] or not
detected (Figure 2). The Ca:Mg ratios in druses in leaves
of A. mosanensis and A. X grandiflora were 26 and 137,
respectively, which was higher than in cells without
druses. However, the Ca:Mg ratio was lower in stems
than in the leaves in both species.

X-ray diffraction analysis also showed that the weight
percentages of Ca in roots and in calli at the base of
stems in A. mosanensis cuttings ranged from 0.24 —
0.37% (w/w) and from 0.81 — 1.04% (w/w), respectively
(data not shown). Tissue analysis showed that the
concentrations [% (w/w)] of Ca and Mg were higher in
leaves than in the stems of A. mosanensis (Table II). Ca
and Mg concentrations ranged from 0.8 — 3.0% and from

0.2 — 8.8% (w/w), respectively, and were in the normal
ranges recommended for floral and ornamental crops by
the JR Peters Laboratory (Allentown, PA, USA).

Localisation, morphology, and growth of Ca oxalate
crystals

Three major crystal shapes were observed in A.
mosanensis using VP-SEM and TEM. Multi-faceted
aggregate crystals with sharp points (druses) were seen in
leaf cells surrounding the vascular bundles (Figure 3A).
Large numbers of small angular crystals (sand crystals;
Figure 3B — F), and block-like prismatic crystals were
present as single or multiple crystals. Druses were
observed in the cortical cells of A. X grandiflora leaves
(Figure 4 A — C), however they were not observed in
mesophyll cells, while sand crystals were not observed in
the epidermis (Figure 4D). The sizes of the druses was
approx. 20 um X 15 pum (Figure 5A). The tips of the
blades were generally sharp and pointed. A few tips
(enclosed by dotted lines) were not sharp (Figure 5A).
When the two circled areas in Figure 5B and 5C were
enlarged, droplets (indicated with arrows) were observed.

A typical cortical parenchyma cell with intercellular
spaces, cell walls, and a cell membrane, but without
chloroplasts is shown in the TEM image of A. mosanensis

FiG. 4
Low temperature scanning electron microscope images of Ca oxalate crystals in the vacuole of a parenchyma cell (Panels A, B). Druses observed near
the mid-vein of A. X grandiflora (Panel C), while crystals were not observed in the epidermis (Panel D) with numerous trichomes in A. X grandiflora.
Scale bars = 100 pm (Panels A, B); 5 um (Panel C); and 50 pm (Panel D).
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FiG. 5
Low temperature scanning electron microscope images of druses (calcium crystals) in the vacuole of a cortex cell of A. mosanensis. The areas
enclosed by the dotted circles may indicate the formation of new crystals (Panel A). Close-up images (Panels B, C) of druses (Ca oxalate crystals) in
the circled areas in Panel A. Arrows indicate semi-solid crystals that will develop to form solid calcium crystals. Scale bar =5 um (Panel A) and 2 ym
(Panels B, C).

(Figure 6A). A single block-like prismatic crystal was
present inside the chloroplast of a cortical parenchyma
cell (Figure 6B), and two prismatic crystals were present
outside the chloroplast (Figure 6C). An enlarged image
of one prismatic crystal (approx. 1,500 um in length and
830 pum in width; Figure 6D) showed three lines at both
ends (numbered 1,2, and 3) which might indicate that the
crystal was growing.

DISCUSSION

This is the first report of the presence of Ca oxalate
crystals of different morphologies and chemical
compositions, and of the possible growth of Ca oxalate
crystals in Abelia. Druses and prismatic crystals were
visualised using VP-SEM, LT-SEM, and TEM. The
crystals were identified as Ca oxalate, and contained
mainly Si and Mg as minor elements.

Morphology and localisation of Ca oxalate crystals
More Ca oxalate crystals were observed in A.
mosanensis than in A. X grandiflora, suggesting that
crystal formation may be under genetic control (Ilarslan
et al., 2001). Although Ca oxalate crystals have been
observed in many organs and tissues within plants, the
site of crystal formation and distribution cannot be
generalised, suggesting multiple origins (Franceschi and
Nakata, 2005). Prismatic crystals, sand crystals, and
druses with sharp and undamaged points on most facets
(Arnott, 1982; Franceschi and Nakata, 2005) were
observed in Abelia by VP-SEM, LT-SEM and TEM.
Some facets of the druse had blunt ends which may have
been damaged during sample preparation, as reported in
Peperomia (Kuo-Huang et al., 2007). Single, large,
hexagon-shaped prismatic crystals were also found in the
vacuoles or inside the chloroplasts of mesophyll cells
which contained well-formed grana, as observed in P.
glabella (Sw.) A. Dietr. (Kuo-Huang et al.,2007), and also
in the cytoplasm adjacent to the chloroplast in A.
mosanensis. Although only one crystal was observed in

each cell in Peperomia, two crystals were observed in
Abelia in this study. Needle-shaped raphide crystals were
not observed in our study. Numerous extremely small
sand crystals were generally found in the cuticle of the
epidermal layer of A. mosanensis.

Chemical composition of druse crystals

Based on X-ray dispersion elemental micro-analysis of
druses using VP-SEM, we concluded that the crystals
were Ca oxalate and contained Mg (i.e., Ca-Mg oxalate
crystals), although the concentration of oxalic acid
(C,H,0,) was not analysed and the crystals were not
subjected to HCI treatment in this study (cf. Franceschi
and Nakata, 2005). Silicon was detected in the Ca oxalate
crystals in A. X grandiflora, but not in A. mosanensis. We
concluded that the crystals in A. mosanensis were Ca-Mg
oxalate crystals, and were Ca-Mg-Si oxalate crystals in A.
X grandiflora. Therefore, the druses were designated Ca
oxalate crystals, or Ca oxalate containing Si. The
prismatic crystals may also be designated Ca oxalate.

The detection of Si in Abelia is unique. Silicon was a
contaminant from sand trapped on the roots of sweet
potato [Ipomoea batatas (L.) Lam.; Schadel and Walter,
1980]. In our study, there was no possibile contamination
by sand to produce the Si peak in the inter- and intra-
cellular spaces of leaves and stems. The Si peak was from
the crystals rather than from tissue devoid of crystals in
Acacia robeorum Maslin (He et al., 2012). However, the
Si content was < 0.09% (w/w) in all samples, thus the
presence of Si in crystals may require further
confirmatory analysis. Although three types of Ca
oxalate crystals containing Ca alone, Ca-Si, or Mg-S-K
have been reported in Acacia robeorum (He et al.,2012),
a K peak was observed in cells with or without crystals in
Abelia. Therefore, we conclude that Ca oxalate crystals
do not contain K in Abelia.

Growth of crystals
The formation of Ca oxalate crystals is considered to
be under genetic control (Ilarslan et al., 2001), but it is
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F1G. 6
Sub-cellular localisation of prismatic crystals revealed in transmission electron microscope images of cells in A. mosanensis. Typical cortex
parenchyma cells showing intercellular spaces, cell walls, a cell membrane, and chloroplasts without Ca oxalate crystals (Panel A), a prismatic crystal
marked with a cross inside the chloroplast (Panel B), a hexagonal prismatic crystal in the chloroplast showing the formation of three layers (Panel
C), and a prismatic crystal enlarged to show the formation of the three layers (Panel D). Scale bars = 2 um (Panel A) or 500 um (Panels B-D).

not understood how the different crystal types are
initiated, or how they expand. The development of
crystals was related to the amount of Ca available in the
soil in Canavalla ensiformis D.C. (Frank, 1972) or to the
Ca concentration in leaves in Arabidopsis (Nakata,
2012). Calcium is translocated to leaves primarily via the
xylem, resulting in higher Ca concentrations in the leaves
than in the shoots of A. mosanensis. The elevated Ca
concentration in leaves, as evidenced by foliar X-ray
analysis, may contribute to the formation of Ca oxalate
crystals. However, based on our tissue analysis of Ca
concentrations, it is difficult to state that Ca
concentration in the soil or in stems or in leaves affect
the formation of Ca oxalate crystals. Nakata (2012) also
concluded that there was no significant increase in Ca
concentrations in crystal-forming plants, but that
partitioning of the Ca present in the vacuole may
facilitate crystal formation in Arabidopsis. However, the
initiation of crystal formation is not yet clearly
understood.

Once Ca oxalate crystals have been initiated, the
crystals increased in size by the formation of flat
crystalline lamellae, as reported in several cacti (Monje

and Baran, 2002) or by the formation of facets as
observed in Peperomia (Kuo-Huang et al., 2007). Semi-
solid crystals, or true crystals that may result from Ca
deposition at the ends of the facets radiating from the
centre to form a solid Ca oxalate crystal were observed
by LT-SEM (Figure 5). High magnifications of Ca
oxalate crystals clearly showed the growth of druses
(Figure 6). Different layers observed in the prismatic
crystals suggested growth of the crystals. Calcium oxalate
crystals, while not surrounded by a membrane, may be
connected to the cell wall, suggesting that they are
positioned inside cells devoid of cytoplasm (Ilarslan et
al., 1999), as shown in the LT-SEM images in this study.

In conclusion, three morphologically distinct crystal
types (prismatic crystals, sand crystals, and druses) were
observed in the cells of two Abelia spp. No raphide
crystals were observed in Abelia. Druses were composed
of Ca oxalate, together with Mg and Si. The growth of
prismatic crystals and druses may occur by the formation
of crystalline lamellae or facets with the deposition of
Ca, Mg, and/or Si. More species should be examined to
see if Ca oxalate crystals are widely distributed in the
genus Abelia.
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