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ABSTRACT

Aims: Involvement of calcium oxalate crystals in the maintenance of calcium homeostasis in the
corms of eddo in hydroponic solution containing calcium at different concentrations was
investigated.

Study Design: Plants of eddo [Colocasia esculenta (L.) Schott var. antiquorum Hubbard & Rehder]
cv. Aichiwase was used in this study. Seed corms were planted in plastic pots filled with vermiculite
and the plants were sprouted by watering under natural temperature, light and humidity conditions in
the green house at Hirosaki University, Hirosaki, Japan. After 2 months the plants were grown in a
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growth chamber. Plants with new growing corms were subjected to grown in water culture solutions
containing one of the four treatments as 0 mM calcium, 1 mM calcium nitrate (control), 15 mM
calcium nitrate and 15 mM calcium chloride.

Results and Discussion: Under scanning electron microscopy and optical microscopy, few number
of raphide crystals were observed in the cortex and many druse crystals were observed in the lateral
part containing cortex, the connecting part between root and corm, and the peripheral part of stele.
Very few number of druse crystals were observed in the center part of stele. The number and size of
crystals in the lateral part of corms under 1 mM calcium nitrate treatment were significantly higher
than that in 0 mM calcium solution and were significantly lower than that in the 15 mM calcium
solutions. Calcium mapping images by energy dispersive X-ray spectrometry showed a positive
correlation between the amounts of calcium in the lateral part of corms and calcium concentration in
treatment solutions. The weight percentage of calcium relative to the total weight of major
constituent elements per crystal idioblast was significantly higher than that per parenchyma cell in
the lateral part. However, the weight percentage of calcium per parenchyma cell except idioblasts of
the lateral part was stable among the treatments. The results suggest that calcium is accumulated in
crystals under calcium-excessive conditions and is released from crystals under calcium-deficient
conditions for stabilisation of calcium levels in the tissues other than the idioblasts in the lateral part
of eddo corm. In addition, the weight percentage of calcium per storage parenchyma cell of stele
was stable among the treatments and was significantly lower than the weight percentage of calcium
per parenchyma cell of the lateral part.

Conclusion: The results indicate that calcium delivered from roots is mostly entered at the lateral
parts of corms and is accumulated in calcium oxalate crystals in the cortex, the connecting part
between root and corm, and the peripheral part of stele. As a result, calcium contents of the storage

parenchyma cells of stele may remain stable at a low level under different calcium treatments.

Keywords: Calcium; calcium oxalate crystal; calcium homeostasis; corm; hydroponic solution; eddo.

1. INTRODUCTION

Taro is the common name for edible aroids
which are important staple food in many parts of
the world particularly in Asia and the Pacific
Islands [1,2]. Taro corm is one of the popular
edible root and tuber crops in large parts of Asia,
Pacific islands, West Africa and Amazonian
regions of South America. Taro corms are high in
carbohydrate in the form of easily digested
starch and are primarily a source of energy
[3,4,5,6] and contain considerable amount (70-
80 g/100 g dry taro) of starch [4]. The heart, soft
white fleshed corms are highly valued as staple
food for human and are eaten boiled, fried,
roasted, fermented, or as some taro products
such as cake, chips, bread and biscuit prepared
from a combination of taro flour and other cereals
and grains [7]. The digestibility of taro starch has
been estimated to be 98.8%. Therefore, taro flour
and other products have been used for infant
formulae in the United States and have formed
an important constituent of proprietary canned
baby foods [7]. Low-grade corms are also used
for alcohol production. The mother corms, bad
quality corms and peelings can be fed to
livestock, mainly cattle and pig [8,9]. Some taro
varieties are used only for pigs in Vietnam [10].
Colocasia esculenta corm is a potential useful

energy supplement in ruminant feeding due to its
energy content and proximate metabolisable
energy content [11]. Sundried taro meal can
replace maize up to 50% in the diet of Achatina
achatina without adverse effects on reproductive
traits [12]. Boiled sun-dried taro cormels can
replace maize up to 50% (8.4% of the total diet)
in the diets of Japanese quails [13] and boiled
peeled sundried taro meal can replace maize in
the diets of broiler finishers at 100% inclusion
level, without any significant adverse effects on
the performance characteristics of the birds [14].

Eddo belongs to the taro group and is mainly
cultivated in Asia. Eddo produces a relatively
small main corm and many side corms (cormels).
However, the corms of taros including eddo
contain soluble oxalate and calcium oxalate
crystals, which are not good for health and
eating quality. The presence of calcium oxalate
crystals in the corms has been associated with
a painful irritation of mouth and skin which
produced on contact and during handling.
Calcium oxalate is a major component of kidney
stone, and high intake of calcium oxalate may
reduce the calcium availability in the body which
may be an increased risk factor for women who
require a greater amount of calcium in their
diets [15]. Oxalates also interfere with the




utilisation of minerals by making them
unavailable or reduce in the body [16].
The tubular arrangement of idioblasts

containing calcium oxalate crystals localised in
the peripheral part of the cortex in the apical
zone of the primary roots in eddo [17]. It was
also found that there was a positive correlation
between calcium concentrations in growth
medium and the number and size of the crystals
in the apical zone of primary roots in eddo [18].
Additionally, in the apical zone, the percentage
of calcium weight per total weight of the major
constituent elements in the cortex parenchyma
cell did not vary significantly among different
calcium concentrations in growth medium. On
the other hand, in the root zone apart from the
root apex having no crystals, the weight
percentage of calcium per cortex parenchyma
cell under excess calcium condition in growth
medium was significantly higher than that in the
lower calcium condition. These results
suggested that the crystals in the tubular
arrangement participated in the regulation of
calcium levels in cortex parenchyma cells in the
apical zone of primary roots [18]. Calcium
oxalate crystals in the leaf blade and petioles
were also participated in the regulation of
calcium levels in the mesophyll cells of leaf
blade and parenchyma cells of petioles [19].
Very few information are available on the form
and distribution of calcium oxalate crystals in taro
corm. Earlier only the distribution of calcium
oxalate crystal idioblast in the corms of a cultivar
of Colocasia esculenta known as ‘Akalomamale’
was investigated [20]. However, there is no
information on the calcium regulating role of
calcium oxalate crystals in any corms of taros
including eddo.

Calcium is an essential element for plant growth
and development. It plays important roles, for
example, as a structural component of cell wall
[21], a signal in various physiological and
developmental pathways [22] and an osmoticum
[23]. Nonetheless, cytoplasmic concentration of
free calcium must be maintained at a suitable
level for normal plant growth and development,
because excess calcium can be cytotoxic due to
its tendency to precipitate with inorganic
phosphate [24]. Calcium content of crop plants is
also important regarding the nutritional value and
quality of human food and/or animal feed [25].

To reveal the mechanism of calcium regulation in
the corms under different levels of calcium in
growth medium is important for developing
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strategy of upgrading the growth, the tolerance of
environmental calcium stress and the eating
quality of eddo corm. The purpose of the study is
to elucidate whether and how calcium oxalate
crystals play a role in calcium regulation in eddo
corms, or not.

2. MATERIALS AND METHODS
2.1 Plant Materials and Treatments

Plants of eddo [Colocasia esculenta (L.) Schott
var. antiquorum Hubbard & Rehder] cv.
Aichiwase was used in this study. Seed corms
were planted in plastic pots filled with vermiculite
and the plants were sprouted by watering under
natural temperature, light and humidity
conditions in the green house at Hirosaki
University (40°59" N, 140°47" E, 53 m above
sea level), Hirosaki, Japan. After the plants were
15 — 18 cm tall under the condition for 2 months,
they were transferred to a water culture solution
[17] with continuous aeration. The plants were
then grown in a growth chamber (MLR-351H,
SANYO) kept at 24°C, with 18 hours light at
about 150 uM m™ s™' (measured by MES-136,
KOITO), 6 hours dark and 60% humidity. After
the plants were grown for 1 week to about 20 cm
tall and with primary roots about 15 cm, they
were transferred to tall beakers containing
culture solution. Plants with new growing corms
were subjected to grow with one of the four
treatments as 0 mM calcium, 1 mM calcium
nitrate [Ca(NOj),] (normal concentration as
control), 15 mM calcium nitrate [Ca(NOj3),] and
15 mM calcium chloride [CaCl,]. Plants were
grown in water culture solution in a growth
chamber for 7 days [18]. None of the plants
used for this treatment showed signs of
abnormal growth, stress disorder or a transition
to reproductive growth, such as flower-bud
formation. After the treatment, the corms were
sampled and used for subsequent investigations.

2.2 Calcium Determination

Corms treated with different concentrations of
calcium solutions were dried in a drying oven
(DV 340S; YAMATO) at 60°C for 3 days to
record constant dry weight. The dried corms
were ground and stored in a desiccator.
Samples were digested with 1% hydrochloric
acid for 4 days and diluted with distilled water. To
determine the amount of calcium, each sample
was analysed by flame atomic absorption
spectrophotometer (Z-2000, HITACHI). The



extraction  solution contained 1000 ppm
lanthanum chloride to prevent disturbances at
the time of the spectrophotometry. Corms of six
plants per treatment were used for calcium
determination.

2.3 Bright-field Optical Microscopy and
Measurement of the Number and
Size of Crystals

After the treatment, corms were sampled at the
lateral part and at the center part of stele and
immersed in formalin-acetic  acid-alcohol
solution (formalin : acetic acid : 70% ethanol =
1:1:18) at 20°C under reduced pressure for 1
hour and then immersed in the solution at 20°C
for 3 days. The corm samples were dehydrated
in an ethanol series and then immersed in t-
butyl alcohol and embedded in paraffin.
Longitudinal sections (20 ym in thickness) were
made by using a microtome (RV-240, YAMATO)
and then stained and observed under a bright-
field optical microscope [18]. The number and
size of crystals in 20.86 mm? (4.84 mm long x
4.31 mm wide) areas of the longitudinal sections
of the lateral part of corm were investigated. The
crystal size was calculated by measuring their
areas using Image J software. Four corms per
treatment and two longitudinal sections of each
part per corm were investigated and statistically
analysed to compare the number and size of
crystals in the lateral part of the corms.

2.4 Scanning Electron Microscopy and
Calcium Mapping

The treated corms were sampled at the lateral
part containing cortex and peripheral part of
stele and at the center part of stele. Then they
were freeze-dried under a pressure of 11 Pa at
—-20°C for 50 hour by using a vacuum freeze
dryer (FDU-1200, EYELA). The freeze dried
corm samples were cracked longitudinally. The
cracked samples were mounted on stubs with
conductive carbon tape, coated with platinum
using an auto fine coater (JFC-1600, JEOL) and
observed under a scanning electron microscope
(JSM-7000F, JEOL) at an accelerating voltage of
5 kV to identify the structure of calcium oxalate
crystals. Calcium localisation on the cracked
sections of the lateral part and center part of
stele of corms were investigated by using a
scanning electron microscope attached with an
energy dispersive X-ray spectrometer (JED-
2300F, JEOL) at an accelerating voltage of 20
kV. Corms from four plants per treatment were
observed.
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2.5 Measurement Calcium

Percentage

Weight

The corm samples prepared for the Scanning
Electron Microscopic (SEM) observation and the
calcium mapping were also used for this
measurement. The percentage of calcium weight
per total weight of the major constituent elements
[18] per parenchyma cell and per crystal
idioblast on the sections of the lateral part of
corms was measured by using a SEM attached
with an energy dispersive X-ray spectrometer at
an accelerating voltage of 20 kV. The percentage
per storage parenchyma cell of stele on the
sections of the center part of stele was also
measured. The analysis areas for this
measurement were about 65 um2 (10.4 ym in
length and 6.25 pm in width) in the parenchyma
cells and crystal idioblasts of the lateral parts and
the storage parenchyma cells in the center part
of stele of corms. In the idioblasts, not only the
crystal but also the cytosol was contained within
the analysis area. Two parenchyma cell near the
crystal idioblast and two crystal idioblasts per
section of the lateral part of corms were
measured. Two storage parenchyma cell of stele
on the sections of the center part of stele of
corms were also measured. Corms of four plants
per treatment were investigated.

2.6 Statistical Analysis

Analysis of variance followed by Tukey’s test was
performed on the data of dry weight, calcium
content, number and size of crystals, and weight
percentage of calcium per cell.

3. RESULTS
3.1 Dry Weight of Corms

Dry weight (g plant™") of corms under the 15 mM
calcium treatments were slightly higher, but no
significant difference was observed in dry weight
of corms among the treatments (Fig. 1).

3.2 Calcium Contents of Corms

Calcium contents (mg g~ dry weight and mg
plant'1) in corms from 1 mM calcium nitrate
treatment were significantly (P < 0.01) higher
than that in 0 mM calcium treatment and was
significantly (P < 0.01) lower than that in 15 mM
calcium nitrate and 15 mM calcium chloride
treatments (Fig. 2). No significant difference was
observed in calcium contents of corms between
the two 15 mM calcium treatments.
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Fig. 2. Calcium contents of corms
Calcium content of corms (A) and total calcium content
of whole corm per plant (B). Different letters indicate
significant differences at 1% level (n = 6, Tukey’s test)

3.3 Distribution and Structure of Calcium
Oxalate Crystals

Optical microscopy was used to investigate the
differences in crystal distribution and morphology
among the treatments. Two forms of calcium
oxalate crystals were observed in the corm of
eddo under optical microscopy: raphides and
druses (Fig. 3A). Raphide crystals were
observed in the cortex of corms and druse
crystals were observed in the cortex and stele of
corms (Fig. 3A). Most of the crystals were druse
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type and very few were raphide type crystals in
the corms of all treatments. Druse crystals were
found at high concentrations in the connecting
part between root and corm in the peripheral
part of stele (Fig. 6). The number and size of
crystals in the sections of the lateral part
containing cortex and peripheral part of stele of
corms in 1 mM calcium treatment were smaller
than in 15 mM calcium nitrate and 15 mM
calcium chloride treatments and were larger than
in 0 mM calcium treatment (Fig. 4). Under optical
microscopy, few druse type calcium oxalate
crystals were observed in the center part of
stele of corms (Fig. 5).

Scanning electron microscopy was used to
investigate the fine structure of the crystals in the
corms. In the lateral part of corms, raphide
crystals were present as the bundle of needles
(Fig. 3B) and druse crystals were tetrahedral
form (Fig. 3C). Crystals in the lateral part of
corms were seemed to be increased in size with
increasing the calcium concentration in treatment
solutions.

3.4 Number and Size of Crystals

The number and size of calcium oxalate crystals
were investigated with using optical microscopic
images of corms. The number and size of
crystals in the lateral part (containing cortex and
peripheral part of stele) of corms in 1 mM
calcium nitrate treatment were significantly (P
<0.01) greater than that in 0 mM calcium
treatment and were significantly (P < 0.01)
smaller than that in 15 mM calcium nitrate and 15
mM calcium chloride treatments (Fig. 7). No
significant difference was found in crystal number
and size in corms between the 15 mM calcium
treatments.

3.5 Calcium Localisation

The SEM images and energy dispersive X-ray
spectrometric calcium mapping images of the
cracked longitudinal sections of the lateral part
containing cortex and peripheral part of stele and
center part of stele of corms are shown in Fig. 8.
Red dots indicate the presence of calcium. In the
sections of the lateral part of corms, red dots
was intense in the crystal idioblasts. The
intensity of dots was highest in the sections
under 15 mM calcium nitrate and 15 mM
calcium chloride treatments, followed by that of
the 1 mM calcium nitrate and 0 mM calcium
treatments. In 0 mM calcium treatment, the
intensity of dots in crystal idioblasts was the



lowest among the treatments. The pattern of
calcium distribution in the parenchyma cells of
the lateral part of corms was nearly uniform
across the treatments. In the center part of stele
of corms, calcium was uniformly distributed in
the storage parenchyma cells and the
distribution pattern was almost similar in all
treatments.

3.6 Weight Percentage of Calcium per
Cell in Corms

In the lateral part of corms, the weight
percentage of calcium per parenchyma cell and
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per crystal idioblast did not differ significantly
among the treatments (Fig. 9A). However, the
weight percentage of calcium per crystal
idioblast was significantly (P < 0.001) higher
than that per parenchyma cell of the lateral part
of corms across the treatments (Fig. 9A). The
weight percentage of calcium per storage
parenchyma cell of center part of stele did not
vary among the treatments (Fig. 9B). But, the
weight percentage of calcium per storage
parenchyma cell of center part of stele was
significantly (P < 0.001) lower than that per
parenchyma cell of the lateral part of corms in
all treatments (Fig. 9B).

Fig. 3. Calcium oxalate crystals in longitudinal sections of the lateral part of corm
(A) Longitudinal section of corm observed under an optical microscope. Raphide crystal is enclosed in
square and the druse crystals are surrounded by circles. c, cortex; p, periderm; ps, peripheral part of

stele. Bar = 200 um.

(B) Raphide crystal in the cracked longitudinal section of the lateral part of corm observed under a scanning

electron microscope. Bar = 10 um.

(C) Druse crystal in the cracked longitudinal section of the lateral part of corm observed under a scanning

electron microscope. Bar = 10 ym.
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Fig. 4. Longitudinal sections of the lateral part of corms observed under an optical microscope
(A) 0 mM Ca treatment, (B) 1 mM Ca [Ca(NOs),] treatment, (C) 15 mM Ca [Ca(NOs),] treatment and (D) 15 mM
Ca [CaCl;] treatment. Crystals were surrounded with circles. c, cortex; p,
periderm; ps, peripheral part of stele. Bars = 200 um

Fig. 5. Longitudinal sections of the center part of stele of corms observed under an optical
microscope
(A) 0 mM Ca treatment, (B) 1 mM Ca [Ca(NOs),] treatment, (C) 15 mM Ca [Ca(NOs3),] treatment and (D) 15 mM
Ca [CaCl:] treatment. Crystals were surrounded with circles. Bars = 200 um
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Fig. 6. Distribution of druse crystals in longitudinal section of the lateral part of corm
observed under an optical microscope
Druse crystals are surrounded by circles. c, cortex; p, periderm; r, root; ps, peripheral part of stele.
=) indicates the border between root trace part and corm. Bar = 200 um
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4. DISCUSSION

Calcium contents (mg g~' dry weight and mg
plant'1) of corms were increased with increasing
calcium concentration in the culture solutions
(Fig. 2). These results indicate that the
experimental treatments were able to alter the
calcium contents of corms. Dry weight of corms
did not differ under different calcium
concentration treatments (Fig. 1). This indicates
that plant size is almost uniform in different
treatments and it does not effect in the other
results of this study.

Some previous studies showed a positive
correlation between the calcium concentration
in growth medium and crystal formation in the
aerial parts of the plants such as leaves of
Pistia stratiotes [26], Phaseolus vulgaris [27],
Lemna minor [28], Morus australis Poir [29],
Corchorus olitorius and Malva parviflora [30]. In
a study with eddo roots subjected to different
calcium concentrations, the number and size of
crystals in the root apical zone under 1 mM
calcium nitrate solution were significantly larger
than those in 0 mM calcium solution and were
significantly smaller than those in solutions
containing 15 mM calcium [18]. Similar results
were also observed in another study involving
the leaf blades and petioles of eddo under
different calcium concentrations in treatments
[19]. In this study, calcium oxalate crystals



mostly presented in the lateral parts (cortex and
peripheral part of stele) and very few crystals
were observed in the center part of stele.
Therefore, crystal variabilty among the
treatments was investigated only in the lateral
part of corms. Scanning electron microscopy
and optical microscopy showed that the number
and size of crystals were larger in the lateral
part of corms under 1 mM calcium nitrate
treatment than that in 0 mM calcium treatment
but smaller than that under the 15 mM calcium
treatments. In addition, it was confirmed by
statistical analysis that both the number and
size of crystals in the corms of 1 mM calcium
nitrate treatment were significantly higher than
that in 0 mM calcium treatment and lower than
that of the 15 mM calcium treatments (Fig. 7).
These results demonstrate that the crystal
variability in the lateral part of corms is directly
responsive to the calcium concentration of
growth medium.

In this study, calcium mapping images revealed
that the calcium was most abundant in crystal

1 mM Ca
[Ca(NOs3),] 0 mM Ca

15 mM Ca
[Ca(NO3)]

15 mM Ca

SEM images

Lateral part of corm

Ca mapping images
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idioblasts in the lateral part of corms subjected
to the 15 mM calcium treatments (Fig. 8).
However, the pattern of calcium distribution in
parenchyma cells of the lateral parts of corms
was nearly uniform across the treatments (Fig. 8).
In an earlier study involving the apical zone of
primary roots of eddo having calcium oxalate
crystals [18], the weight percentage of calcium
relative to the total weight of major constituent
elements per crystal idioblast was noticeably
higher than the weight percentage of calcium per
cortical parenchyma cell, but the weight
percentage of calcium per cortical parenchyma
cell did not vary significantly among different
calcium concentrations in the growth medium.
Similar results were observed in another study
involving the leaf blades and petioles of eddo
under different calcium concentrations in
treatments [19]. The weight percentage of
calcium per crystal idioblast was noticeably
higher than the weight percentage of calcium
per mesophyll cell of leaf blades and per normal
parenchyma cell of petioles. Although the total
calcium contents of leaf blades and petioles

SEM images  Ca mapping images

Center part of stele

Fig. 8. SEM and calcium mapping images of the longitudinal cracked sections of corms
Red color dots indicate the presence of calcium. Arrowheads indicate crystal idioblasts. Bars = 200 um



were increased with increasing the calcium
concentration in treatments, the weight
percentage of calcium per mesophyll cell of leaf
blades and per normal parenchyma cell of
petioles was stable among the treatments with
different calcium concentrations in the growth
medium [19]. In the present study, the weight
percentage of calcium per crystal idioblast was
noticeably higher than the weight percentage of
calcium per parenchyma cell of the lateral parts
of corms (Fig. 9A). On the other hand, the weight
percentage of calcium per parenchyma cell of the
lateral parts of corms was stable among the
treatments (Fig. 9A). On the basis of these
results, it is suggested that calcium
accumulates in crystals under calcium-
excessive conditions and is released from
crystals under calcium-deficient conditions for
stabilisation of calcium levels in the tissues
other than the idioblasts in the lateral part of
eddo corm.

B Parenchyma cell of the lateral part
Crystal idioblast of the lateral part

Weight percentage of calcium (%)

Parenchyma cell of the lateral part

025 B Parenchyma cell of the center part of stele
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Fig. 9. Weight percentage of calcium per cell
in corms
The weight percentage of calcium per parenchyma cell
and per crystal idioblast in the lateral part of corms (A)
and the weight percentage of calcium per parenchyma
cell of the lateral part and per parenchyma cell of the
center part of stele of corms (B) were investigated by
EDS. Different letters indicate significant differences at
0.01% level (n = 8, Tukey'’s test); error bar defines
standard deviation
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In this study, very few crystals were observed in
the center part of stele of corms under optical
microscopy. Calcium was uniformly distributed in
the storage parenchyma cells of stele and the
distribution pattern was almost similar across the
treatments (Fig. 8). In the stele of corms, the
weight percentage of calcium per storage
parenchyma cell was also stable among the
treatments (Fig. 9B). However, the weight
percentage of calcium per storage parenchyma
cell of the center part of stele was significantly
lower than that of the weight percentage of
calcium per parenchyma cell of the lateral parts
of corms (Fig. 9B). The results indicate that stele
of corm has lower calcium content and the
contents do not change in the high calcium
concentration treatments. However, the total
calcium content of corm was significantly
increased  with increasing the calcium
concentrations in the treatment solutions (Fig.
2B). It is suggested that excess calcium
delivered from roots is mostly accumulated in
the lateral parts of corms and the size and
number of crystal idioblasts were increased.
Therefore, few amount of calcium present in the
stele of corms.

5. CONCLUSION

From the results of this study it is concluded
that calcium delivered from roots is mostly
accumulated at the lateral parts of corms and
calcium oxalate crystals in the cortex, the
connecting part between root and corm, and the
peripheral part of stele would play a role in the
regulation of calcium levels in the parenchyma
cells of the lateral parts. As a result, calcium
contents of the storage parenchyma cells of
stele would remain stable at a low level under
different calcium treatments.

This is the first investigation on the calcium
regulating role of calcium oxalate crystals in the
corms of eddo grown hydroponically under
different calcium concentrations. The knowledge
generated by this study should contribute to
elucidate the overall mechanism of calcium
regulation in eddo for leading to improvements in
growth and eating quality of corms.
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