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Abstract: We studied crystals in the leaves and stems of 56 species (23 families) of aquatic flowering plants in
Taiwan. In the most-studied plant types—emerged, submerged with floating leaves, and floating in water—five
types of calcium oxalate crystals were found. The crystals are frequently associated with aerenchyma tissue in
the plants. The five types are mostly specific to the plant’s genera and families. Crystals were not found in
submerged species. The presence or absence of crystals is probably associated with the aquatic environment, and

may useful in the taxonomic analysis of aquatic plants.
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Introduction

Materials and Methods

Calcification and the formation of calcium crystals
are common phenomena in many plant species under
ordinary conditions (Arnott and Pautard, 1970). In an-
giosperms, calcium oxalate is the predominant depos-
ited calcium salt, and the most commonly encountered
shapes are druses, raphides, styloides, prismatics, and
crystal sands (Fahn, 1990). They may be located in
specific tissues and organs (Scott, 1941; Fahn, 1990), or
may be distributed sporadically in all plant organs (Genua
and Hillson, 1985; Chiang and Huang, 1983). Many
studies have been made of the formation of calcium
oxalate crystals in the higher terrestrial plants (Franceschi
and Horner, 1980; Doaigey, 1991). Borowitzka (1984)
investigated calcification in aquatic plants, primarily the
deposition of calcium carbonate in algae. There have
been only a few reports on calcium oxalate crystals in
aquatic angiosperms (Franceschi, 1987; Kuo-Huang,
1990). The aquatic higher plants are defined as plants
that may germinate under normal conditions, and grow
with at least their base in the water (Fassett, 1940). In
general, they conform to one growth habit through most
of their life cycle—emerged, floating, submerged with
floating leaves, or submerged in water (Yang, 1987).

This paper reports our attempt to study the specific
distributions of different shapes of calcium oxalate crys-
tals in the leaves and stems of 56 species of aquatic
angiosperms growing in Taiwan. We make special refer-
ence to the possible relationship between occurrence of
calcium oxalate crystals and specific aquatic growth
habit.
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Fifty-six species of freshwater angiosperms were se-
lected from 23 families (Table 1) and collected between
April and September (1990-1992). The species of plants
were determined according to Yang (1987) and ‘Flora of
Taiwan’ (Li et al., 1979). Voucher specimens are depos-
ited in the herbarium or the anatomical laboratory of the
Department of Botany, National Taiwan University. For
light microscopy, the leaves and stem segments were
fixed in formalin-acetic acid-alcohol (FAA), dehydrated
in a tertiary butyl alcohol series, embedded in paraffin,
sectioned on a rotary microtome (at 12 ym), and stained
with modified Delafields. Clearing technique was used
to specifically locate the calcium oxalate crystals in the
plant tissues. Micrographs were made with a Nikon
Optiphot or a Leica Diaplan microscope. The materials
for scanning electron microscopy (SEM) were fixed in
2.5% glutaraldehyde followed by 1% OsO,; or in FAA
and then dehydrated in an ethanol-acetone series, dried
with a Hitachi Critical Point Dryer (HCP-1), coated with
an IB-2 ion coater (Dawes, 1979), and examined with a
Hitachi S-550 SEM.

Results

Five types of calcium oxalate crystals were identi-
fied—druses, raphides, styloides, prismatics, and crys-
tal sands (Table 2, Figures 1-3). They were observed in
the leaves and stems from 29 of the 56 species of
freshwater angiosperms studied (Tables 1 and 2).
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Figure 1. A) Leaf of Rotala indica showing druses (— ) in the mesophyllous cells. Bar = 10um. B) SEM
photograph of the druse-crystal-idioblasts occurring in the aerenchymatous cells in stem of R. indica.
Bar = 15 pm. C) SEM photograph of a druse in the parenchymatous cell of stem of R. wallichii. Bar
=5um. D) Leaf of R wallichii showing druses ( —) in mesophyll. Bar = 100um. E) Leal of Polygonum
hydropiper showing druses (—) in mesophyll. Bar = 20 ym. F) Leaf section of Limnophila aromatica
showing druses in mesophyll. Bar = 30 gm. G) SEM photograph of druses (—) in the stem of L.
aromatica. Bar = Sum. H) SEM photograph of the petiole section of Nelumbo lutea showing druses (—)
in the aerenchymatous cells. Bar = 300 gm. 1) Enlargement of G. Bar = 30 um. J) SEM photograph of
the petiole section of Vicroria cruziana showing druses in the aerenchymatous cells. Bar= 100 um. K)
Enlargement of J. Bar = 20 gm. L) SEM photograph of the petiole section of Trapa bispinosa showing
druses in the acrenchymatous cells. Bar = 100 gm. M) Enlargement of L. Bar = 10 ym
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Druse crystals

Druses occur as crystal idioblasts in the leaves and
stems of Rotala indica, R. rotundifolia, and R. hippuris
(Figure 1A and B) and Polygonum hydropiper (Figure
1E). Druses were also seen in the normal parenchyma-
tous cells in the leaves and stems of Limnophila aroma-
tica, L. indica, L. sessiliflora (Figure 1F and G), and
Rotala wallichii (Figure 1C and D). The shape and
location of druses in the emerged and submerged leaves
are similar. In the lamina of emerged leaves of Nelumbo
lutea and N. nucifera (Figure 1H and I), druses are
distributed in the cells of spongy tissue. In the petiole,
they are formed in the cells around the large air channels
or in the diaphragm. Druses were also observed in the
floating leaves and stolons of Trapa bispinosa (Figure
1L and M), and in the leaves of Victoria cruziana (Figure
1J and K) and Pistia stratiotes (Figure 2B and D). In the
leaves, druses are mostly distributed along the veins, and
occasionally in the intercostal lamina.

Raphide crystals

These crystal were observed as idioblasts. They are
spindle-form and larger than neighboring parenchyma-
tous cells. These crystal idioblasts are especially abun-
dant around the leaf veins (Figure 2E). In the intercostal
lamina, they are distributed sporadically. Generally, their
axes are parallel to the leaf veins. Raphides occur in the
leaves and stems of Ludwigia adscendens, L. octovalvis,
L.peploides (Figure 2E and F), andMornochoria vaginalis
(Figure 2I and J). In the floating leaves of Spirodela
polyrhiza, S. punctata, Lemna aequinoctialis (Figure 2G
and H), Pistia stratiotes (Figure 2A, C, and D), and
Eichhornia crassipes (Figure 3A and B) raphides are
scattered in the mesophyll or they are located in the
diaphragms and extend their ends into the air channels of
the leaf petioles.

Styloides

The styloid idioblasts are distributed sporadically
between the mesophyllous cells in the aerenchyma of the
floating leaves of Eichhornia crassipes (Figure 3A) and
in the emerged leaves of Phylidrum lanuginosum (Fig-
ure 3C and D) and Sparganium fallax. These crystals
were found to be covered with wall materials and to
extend their ends into air spaces.

Prismatic crystals

In Nymphaea tetragona, N. mexicana, N. lotus (Fig-
ure 3E, F, and K), Nuphar shimadai (Figure 3G and H),
Euryale ferox, and Victoria cruziana (Figure 31 and J),
prismatic crystals were found in the cell walls of the
sclereids. These sclereid idioblasts are dispersed in the
parenchymatous tissue. In the spongy tissue or around
the air channel of the petiole they are astrosclereids
(Figure 3E-J).

181

Crystal Sands

These crystal aggregates were observed in parenchy-
matous tissue of the midrib and intercostal lamina of the
leaf, and in the stem cortex of Limnophila sp. (Figure 3L
and M).

No crystals were observed in any of the studied
species that are submerged in water during their life
cycle—Saggitaria pygmea, Blyxa spp., Hydrilla verti-
cillata, Hydrocharis dubia, Ottelia alismoides, Valli-
sneria americana, Ultricularia exoleta, Najas sp. and
Potamogeton spp.

Calcium crystals were not found in the species of
Nymphoides coreana, N. aurantiacum, and Brasenia
schreberi, which are submerged with floating leaves,
nor in the emergent species Caldesia grandis, Hygrophila
lancea, Saggitaria trifolia, Cyperus sp., Eleocharis
dulcis, Schoenoplectus mucronatus, Eriocaulon nanto-
ense, Sphaerocaryum malaccense, Typha orientalis, and
Pogostemon stellatus.

Discussion

Calcium oxalate crystals occur in the plant bodies of
29 species (11 families) of the 56 species (23 families)
investigated (Tables 1and 2). All generally encountered
shapes were observed. Most plants contain only one
crystal type, except Pistia stratiotes, Victoria cruziana,
Eichhornia crassipes, Limnophila sp., and Sparganium
fallax, in which two or three crystal types were observed
(Table 2).

Crystals of different morphology may occur in the
same plant (Figures 2D and 3A). Various shapes of
calcium oxalate crystals were found in individual plants
of Ricinus (Scott, 1941), Chenopodium album, Datura
Sp., Nerium, and Rumex (Doaigey, 1991). This raises the
question of the causes of the different shapes. Scurfield
etal. (1973) suggested that impurities may be a factor in
the formation of different crystal types. Franceschi and
Horner (1980) reported that various physical and chemi-
cal parameters such as temperature, pressure, pH, and
ion concentration affect crystal growth, habit, and prop-
erties. The actual mechanism controlling shape is un-
known. The restricted penetration of light and air into
water creates a specific growth condition for aquatic
angiosperms (Fassett, 1940). In the aquatic leaves and
stems there exists an extensive system of aerenchyma,
and a reduced xylem system (Fahn, 1990). The crystal
idioblasts observed in the plant bodies of aquatic an-
giosperms are frequently associated with the aeren-
chyma (Table 2), and they may contain a large single
styloid, a druse, or a bundle of raphides. The ends of
these crystals generally protrude into the air spaces
(Figure 3E-K). In the studied species of Nymphaea,
Nuphar, Victoria, and Euryale, the prismatic crystals are
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Figure 2. A) SEM photograph of the petiole section of Pistia stratiotes showing raphide idioblasts (—)
in the aerenchyma. Bar = 250 um. B) SEM photograph of druse in the leaf ot P. stratiotes. Bar= 10um.
C) SEM photograph of raphide idioblast in P. stratiotes. Bar = 15 pm. D) Leal of P. srrariores showing
druses (—) and raphide in the mesophyll. Bar = 250 gm. E) Leal of Ludwigia adscendens showing
raphides (—) in midrib region. Bar = 150 gm. F) SEM photograph of the stem section of L. adscendens
showing raphides in the cortex. Bar = 30 gm. G) SEM photograph of the leal section of Lemna
aequinoctialis showing raphides in mesophyll. Bar = 100 gm. H) Enlargement of G. Bar = 20 ym. 1)
SEM photograph of the petiole section of Monochoria vaginalis showing raphide idioblasts (—) in the
diaphragm. Bar = 50 gm. J) SEM photograph of the leaf section of Monechoria vaginalis showing the
raphide idioblast, Bar = 10 gm.
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Figure 3. A) SEM photograph of Eichhornia crassipes petiole section showing raphide (—) and styloid
crystals in the cortex or around the air channel. Bar = 125 pm. B) Enlargement of A, Bar = 25 ym. C)
SEM [1||u|ngr.l]1h of stem section of Phvilidrim lanuginosum show ing the styloides (—). Bar = 150 gm.
D) Enlargement of C. Bar = 30 pgm. E) SEM photograph ol petiole section of Nvmphaea mexicana
showing the astrosclereids around the air channel. Bar = 500 gm. F) Enlargement of E showing the
prismatics on the sclereid. Bar = 50 gm. () SEM photograph of petiole section of Nyphar shimadai
showing the astrosclereids (—) around the air channel. Bar = 300 gm. H) Enlargement of G showing
the prismatics on the sclereid. Bar = 30 pm. I) SEM photograph of leal section of Victoria cruziana
showing the astrosclereids around the air channel. Bar = 100 gm_ J) Enlargement of 1. Bar= 10 um. K)
Enlargement of F showing the prismatic crystals (—). Bar = 5 ym. L) Cleared leal of Limnophila sp.
showing the crystal sands (—) in mesophyll. Bar = 10 pm. M) SEM photograph of crystal sands in
Limnophila sp. Bar = 5 ym
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Table 1. Specimen used in this study (E, emerged; F, floating; S/F, submerged with floating leaves;
Su, submerged; NTU, National Taiwan University; TFRI, Taiwan Forestry Research Institute).

Taxon Habit Collection site Voucher

Acanthaceae

Hygrophila lancea (Thunb.) Migq. E Yang-mei, Taoyuan Kuo-Huang 1

Alismataceae

Caldesia grandis Samuelsh. E Tsao-pi. Ilan Kuo-Huang 2

Sagittaria pygmea Miq. Su San-hsia, Taipei Kuo-Huang 3

Sagittaria trifolia L. E San-hsia, Taipei Kuo-Huang 4

Araceae

Pistia stratiotes L. F TFRI, Taipei Kuo-Huang 5

Cyperaceae

Cyperus sp. E Lung-tan, Taoyuan Kuo-Huang 6

Eleocharis dulcis (Burm. f.) Henschel E Yang-mei, Taoyuan Kuo-Huang 7

Schoenoplectus mucronatus (L.) Palla E Fu-shan, Taipei Kuo-Huang 8
subsp. robustus (Miq.) T. Koyama

Eriocaulaceae

Eriocaulon nantoense Hay. E Pu-li, Nantou Kuo-Huang 9

Gentianaceae

Nymphoides aurantiacum (Delz.) O. Kuntze S/F TFRI, Taipei Kuo-Huang 10

Nymphoides coreana (Lev.) Hara S/F Yang-mei, Taoyuan Kuo-Huang 11

Hydrocharitaceae

Blyxa auberti Rich. Su Tan-shui, Taipei Kuo-Huang 12

Blyxa echinosperma (C. B. Clarke) Hook. f. Su Taoyuan, Taoyuan Kuo-Huang 13

Blyxa japonica (Miq.) Aschers. & Guerke Su Ping-hsi, Taipei Kuo-Huang 14

Hydrilla verticillata (L. f.) Royle Su TFRI, Taipei Kuo-Huang 15

Hydrocharis dubia (Blume) Backer Su TFRI, Taipei Kuo-Huang 16

Ottelia alismoides (L.) Pers. Su Tan-shui, Taipei Kuo-Huang 17

Vallisneria americana Michaux Su TFRI, Taipei Kuo-Huang 18 -

Lamiaceae

Pogostemon stellatus (Lour.) O. Kuntze E Shuang-lien-pi, Ilan Kuo-Huang 19

Lemnaceae

Lemna aequinoctialis Welwitsch F TFRI, Taipei Kuo-Huang 20

Spirodela polyrhiza (L.} Schleid F TFRI, Taipei Kuo-Huang 21

Spirodela punctata (G. F. W. Meyer) Thompson  F TFRI, Taipei Kuo-Huang 22

Wolffia arrhiza (L.) Wimmer F TFRI, Taipei Kuo-Huang 23

Lentibulariaceae

Utricularia exoleta R. Br. Su NTU, Taipei Kuo-Huang 24

Lythraceae

Rotala hippuris Makino E Pa-chang-li, Taoyuan Kuo-Huang 25

Rotala indica (Willd.) Koehne E NTU, Taipei Kuo-Huang 26

Rotala rotundifolia (Roxb.) Koehne E Yang-mei, Taoyuan Kuo-Huang 27

Rotala wallichii (Hook. f.) Koehne E Nan-jen Shan, Pingtung Kuo-Huang 28

Najadaceae

Najas sp. Su Shih-lin, Taipei Kuo-Huang 29
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Table 1. continued

Taxon Habit Collection site Voucher

Nymphaeaceae

Brasenia schreberi Gmel. S/F Shuang-lien-pi, Ilan Kuo-Huang 30

Euryale ferox Salisb. S/F Tan-tzu, Taichung Kuo-Huang 31

Nelumbo lutea Pers E TFRI, Taipei Kuo-Huang 32

Nelumbo nucifera Gaertn. E TFRI, Taipei Kuo-Huang 33

Nuphar shimadai Hay. S/F Pa-chang-li, Taoyuan Kuo-Huang 34

Nymphaea lotus L. S/F TFRI, Taipei Kuo-Huang 35
var. dentata Schum. & Thorn

Nymphaea mexicana Sieb. & Zucc S/F TFRI, Taipei Kuo-Huang 36

Nymphaea tetragona Goergi S/F TFRI, Taipei Kuo-Huang 37

Victoria cruziana Orbigny S/F TFRI, Taipei Kuo-Huang 38

Onagraceae

Ludwigia octovalvis (Jacq.) Raven E Yang-mei, Taoyuan Kuo-Huang 39

Ludwigia peploides (HBK.) Raven E Ta-tun Shan, Taipei Kuo-Huang 40
subsp. stipulacea (Ohwi) Raven

Philydraceae

Philydrum lanuginosum Gaertn, E Hsien-Chiao-shih, Kuo-Huang 41

Hsinchu

Poaceae

Hygroryza aristata (Retz.) Wight & Arn F Taoyuan, Taoyuan Kuo-Huang 42

Sphaerocaryum malaccense (Trin.) Pilger E TFRI, Taipei Kuo-Huang 43

Polygonaceae

Polygonum hydropiper L. E Ilan, Ilan Kuo-Huang 44

Pontederiaceae

Eichhornia crassipes (Mart.) Solms E Lung-tan, Taoyuan Kuo-Huang 45

Monochoria vaginalis (Burm. f.) Presl. E Nei-hu, Taipei Kuo-Huang 46

Monochoria sp. E Hualien, Hualien Kuo-Huang 47

Potamogetonaceae

Potamogeton crispus L. Su Tan-shui, Taipei Kuo-Huang 48

Potamogeton pusillus L. Su Tan-shui, Taipei Kuo-Huang 49

Scrophulariaceae

Limnophila aromatica (Lam.) Merr. E Ping-chi, Taipei Kuo-Huang 50

Limnophila indica (L.) Druce E Yang-mei, Taoyuan Kuo-Huang 51

Limnophila sessiliflora (Vahl) Blume E Wau-feng, Taichung Kuo-Huang 52

Limnophila sp. E Pa-chang-li, Taoyuan Kuo-Huang 53

Sparganiaceae

Sparganium fallax Graebner E Fu-shan, Taipei Kuo-Huang 54

Trapaceae

Trapa bispinosa Roxb. E Shung-lien-pi, Ilan Kuo-Huang 55
var. iinumai Nakano

[yphaceae

Typha orientalis Presl. E Lung-tan, Taoyuan Kuo-Huang 56

185
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Table 2. Location and shape of calcium oxalate crystals within some aquatic
angiosperms in Taiwan (D, druses; P, prismatics; R, raphides; S, styloides; CS,

crystal sands)

Taxon Crystal  Specific Habit
type location
Araceae
Pistia stratiotes D,R leaf aerenchyma and
stolonous air channel F
Lemnaceae
Lemna aequinoctialis R fundamental parenchyma F
Spirodela polyrhiza R «“ F
Spirodela punctata R “ F
Lythraceae
Rotala hippuris D spongy tissues and E
fundamental parenchyma
Rotala indica D “ E
Rotala rotundifolia D «“ E
Rotala wallichii D “ E
Nymphaeaceae
Euryale ferox P astrosclereid S/F
Nelumbo lutea D leaf aerenchyma E
Nelumbo nucifera D “ E
Nuphar shimadai P astrosclereid S/F
Nymphaea lotus P “ S/F
Nymphaea mexicana P « S/F
Nymphaea tetragona P “ S/F
Victoria cruziana P, D “ S/F
Onagraceae
Ludwigia adscendens R mesophyll E
fundamental parenchyma
Ludwigia octovalvis R “ E
Philydraceae
Philydrum lanuginosum S aerenchyma E
Polygonaceae
Polygonum hydropiper D mesophyll E
Pontederiaceae
Eichhornia crassipes S,R aerenchyma F
Monochoria vaginalis R “ E
Monochoria sp. R “ E
Scrophulariaceae
Limnophila aromatica D mesophyll and E
fundamental parenchyma
Limnophila indica D “ E
Limnophila sessiliflora D “ E
Limnophila sp. D, CS “ E
Sparganiaceae
Sparganium fallax S,D aerenchyma E
Trapaceae
Trapa bispinosa D leaf aerenchyma E
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located between the plasmalemma and the primary cell
walls of the sclereids. These sclereids are distributed
mostly around the air channels (Chiang and Huang,
1983; Kuo-Huang and Chiang, 1992). Hence, the forma-
tion of calcium oxalate crystals in plants may by linked
to evaporation of water (Franceschi and Horner, 1980)
or air circulation in the air channels of some aquatic
angiosperms (Mevi-Schutz and Grosse, 1988).

The formation of crystal idioblasts is a complex pro-
cess involving changes in the development of cells and
the formation of specific crystal structures. Factors which
control oxalate synthesis and cellular calcium uptake
and mobility may affect crystal induction and formation
(Frank, 1972; Borchert, 1986; Franceschi, 1987). It is
interesting to note that no crystals were observed in any
of the studied species which grow submerged in water
(Table 1).

The presence of crystals in plant bodies is certainly
not detrimental to the plant itself. The presence or ab-
sence of crystals is an important character for under-
standing the evolutionary relationships of plant species
(Franceschi and Horner, 1980). The specific distribution
and shape of the crystals in the aquatic angiosperms we
studied demonstrate that the physiological and genetic
parameters controlling them are consistent. The charac-
ters of calcium crystals may be family, or even genus,
specific (Table 1). The observation of calcium oxalate
crystals in 29 out of the 56 species we studied indicates
that the occurrence and shapes of crystals can be useful
in the taxonomic analysis of aquatic plants. It is likely
that a fine relationship exists between an absence of
calcium oxalate crystals and the submerged growth habit
of some of the angiosperms.
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