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Abstract

Calcium oxalate crystals in higher plants occur in five major forms namely raphides, styloids, 

prisms, druses and crystal sand. The form, shape and occurrence of calcium oxalate crystals in 

plants are species- and tissue-specific, hence the presence or absence of a particular type of crystal 

can be used as a taxonomic character. So far, four different types of needle-like raphide crystals 

have been reported in plants. The present work describes two new and unusual forms of raphide 

crystals from the tubers of Dioscorea polystachya—six-sided needles with pointed ends (Type V) 

and four-sided needles with beveled ends (Type VI). Both of these new types of needles are 

distinct from the other four types by each having a surrounding membrane that envelopes a bundle 

of 10–20 closely packed thin crystalline sheets. The previously known four types of needles have 

solid or homogenous crystalline material, surrounded by a membrane or lamellate sheath called a 

crystal chamber. Only the Type VI crystals have beveled ends and the needles of the other five 

types have pointed ends.
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Introduction

Inorganic calcium oxalate crystals are common in plants. They occur in different forms and 

shapes and are found in almost all major taxonomic groups of plants (Franceschi and Nakata 

2005). Crystals have been observed in members of more than 215 plant families (McNair 

1932) and occur in about 74 % of angiosperm families (Zindler-Frank 1976). The crystals 

are found in almost all organs of plants and in almost all types of tissues (Horner and 

Wagner 1995; Horner et al. 2012). The crystalline form can make up from about 1 % to over 

90 % of a plant’s dry mass (Braissant et al. 2004; Horner and Wagner 1995; Nakata 2003; 

Zindler-Frank 1976; 1987).

The primary role of calcium oxalate crystals may vary depending on the plant, organ and 

tissue in which they occur and can be characterized as: defense against herbivory, tissue 

support, calcium regulation and as an internal reservoir for calcium, ion balance, removal of 

toxic oxalic acid and gathering and reflection of light (Franceschi and Horner 1980; 

Franceschi and Nakata 2005; Nakata 2003). The formation of calcium oxalate crystals is 

genetically controlled and the crystals are usually formed in a defined shape and spatial 

location (Franceschi and Nakata 2005; Kausch and Horner 1982). Morphologically, the 

crystals are classified into five major forms: crystal sand, raphide, druse, styloid and 

prismatic (Franceschi and Horner 1980; Franceschi and Nakata 2005; Horner and Wagner 

1995) and each category of crystal may show variations in its shape and size. Studies of the 

types of crystals and their macropatterns are species and genus specific and may contribute 

to understanding phylogenetic relationships (Horner et al. 2012; Lersten and Horner 2000; 

2011; Prychid and Rudall 1999). The formation of calcium oxalate crystals in plants is not 

yet fully understood. Several studies have been conducted with the aim of filling this gap. 

Horner et al. (2000) showed the pathway of oxalate biosynthesis utilizes ascorbate as the 

primary precursor, and Nakata (2003) found that the ascorbate utilized is produced directly 

within the crystal idioblast itself. Plant crystals are formed from endogenously synthesized 

oxalic acid, which combines with calcium from the environment (Franceschi and Nakata 

2005). Other subcellular features that influence crystal formation include changes in nuclear 

DNA (Kausch and Horner 1984b), an abundance of endoplasmic reticulum, acidic proteins, 

cytoskeletal components, and an intravacuolar matrix and organic paracrystalline bodies 

(Horner and Wagner 1995; Horner and Whitmoyer 1972; Nakata 2003).

Needle-shaped crystals called raphides typically occur in large numbers as closely packed 

bundles in tissues from green algae to flowering plants. They form in crystal membrane 

chambers within the vacuoles in specialized cells sometimes called crystal idioblasts (Arnott 

and Pautard 1970; Horner and Wagner 1995). The characteristic appearance, development 

and distribution of raphides, as well as other crystal shapes, have been used for taxonomic, 

pharmacognostic and toxicological purposes (Horner et al. 2012; Lampe and Fagerström 

1968; Metcalfe and Chalk 1957; Sakai and Hanson 1974). Several studies have been 

conducted to elucidate the development and formation of raphides and raphide-containing 

idioblasts (Frey 1929; Horner and Whitmoyer 1972; Kausch and Horner 1983a; 1983b; 

1984a; Mollenhauer and Larson 1966; Parameswaran and Schultze 1974; Sakai and Hanson 

1974; Tilton and Horner 1980; Wattendorff 1976). Bruni et al. (1982) have described raphide 

formation as a complex process involving several cellular compartments. According to 
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Kostman and Franceschi (2000), raphide crystal idioblasts possess a cortical microtubule 

network that appears to limit an increase in cell diameter, but not elongation, resulting in the 

ellipsoidal shape of idioblasts.

The type of hydration of calcium oxalate influences the morphology of crystals. Two types 

of crystal forms, depending on the relative concentration of calcium and oxalate, are 

reported to occur in plants: (1) monohydrate (whewellite, CaC2O4·H2O; monoclinic crystal 

system) and (2) dihydrate (weddellite, CaC2O4·2H2O; tetragonal crystal system) 

(Bouropoulos et al. 2001; Frey-Wyssling 1981; Horner and Wagner 1995). Some crystal 

shapes (i.e., druses, prisms) appear to have similar gross morphologies but are found to have 

both hydration states in plants (Arnott 1982; Franceschi and Horner 1980; Monje and Baran 

2002). All reports to date indicate raphides are only whewellite.

In monocotyledons, three main types of calcium oxalate crystals, namely raphides, styloids 

and druses, are found; although intermediate forms are sometimes recorded (Prychid and 

Rudall 1999). Some of the monocot families (e.g. Iridaceae) are characterized by the 

presence of only styloids in most genera and they completely lack raphides (Goldblatt et al. 

1984; Rudall 1994, 1995; Wu and Cutler 1985) while in some other families (e.g. 

Hypoxidaceae), raphides are present and styloids are absent. Therefore, the presence or 

absence of a particular type of calcium oxalate crystal can be used as a taxonomic character. 

However, both raphide and styloid crystals occur in many other families (Horner et al. 2012; 

Prychid and Rudall 1999; Svoma and Greilhuber 1988).

Within the order Dioscoreales, raphides are absent in Burmanniaceae and Nartheciaceae 

while they are present in Dioscoreaceae, Stenomeridaceae, Thismiaceae and Trichopodaceae 

(Ayensu 1972; Prychid and Rudall 1999). Okoli and Green (1987) have observed unusual 

tiny calcium oxalate crystals associated with starch grains in seven species of Dioscorea. 

According to Ayensu (1972), styloids are normally absent but rarely present in Dioscorea. 

Solitary crystals are present in D. alata (Al-Rais et al. 1971) and small crystals are found 

adjacent to vascular bundles in D. minutiflora (Prychid and Rudall 1999).

Styloid crystals (Greek: stylos = column/pillar), also known as pseudo-raphides, are usually 

longitudinally elongated forming rectangular columns. They tend to be solitary within a cell 

(Prychid and Rudall 1999). Several forms of styloids with varied shapes and sizes are 

reported in plants (Arnott 1981; Frey 1929; Kollbeck et al. 1914). Styloids may have pointed 

or squared ends and the ends in some crystals are roofed by two prisms (Frey-Wyssling 

1981) giving a beveled shape to the tips. Styloid crystals are characteristic of some families 

of Asparagales including Agavaceae, Alliaceae, Convallariaceae, Asphodelaceae, Iridaceae 

and Xanthorrhoeaceae (Arnott et al. 1965; Prychid and Rudall 1999; Wattendorff 1976; 

1978).

Raphide (Greek: rhaphis = needle) crystals are stacks of hundreds to thousands of bundled 

needles occurring usually in the vacuoles (Arnott and Pautard 1970; Franceschi and Nakata 

2005). Raphide crystals are widely found in several families of angiosperms. They show 

high birefringence indicating that they are monohydrate. Wattendorff (1976) observed 

various crystal faces on these crystals in Agave americana and Cordyline indivisa. In 
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developing leaves, the growing raphides originally have rectangular cross sections, and when 

mature they may convert to being hexagonal or octagonal in cross sections. The six- to eight-

sided middle of the needles becomes rectangular towards the tapering ends of mature 

needles. Frey-Wyssling (1981) opines that since A. americana contains both raphides and 

styloids, it is likely that the rectangular forms described by Wattendorff (1976) actually 

corresponds to the rectangular styloid, as is the case with the rectangular raphides in the 

rhizome of Polygonatum multiflorum.

Four types of needles (Fig. 1a) have been reported so far (Horner and Wagner 1995). They 

are represented by: Psychotria (Type I), Lemna (Type II), Agave (Type III) and Vitis (Type 

IV) types. Type I crystals are four-sided, square in cross-section, and pointed at ends. Type II 

crystals found in Lemna have four sides, appearing as a solid square in the middle but 

toward each end there are two opposing grooves giving a ‘H’ shape in cross section. Type III 

needles have six to eight sides, hexagonal or octagonal in cross section and pointed at both 

the ends. The Type IV crystals have four sides with a median division, pointed at one end 

and quiver-shaped at the other end.

In this study we present two new and unusual types of raphides found in the tissues of 

Dioscorea tubers.

Materials and methods

Fresh tubers of Dioscorea polystachya Turcz. were collected from plants grown in the 

garden as well as greenhouse at the Maynard W. Quimby Medicinal Plant Garden (MPG) of 

the University of Mississippi, University, MS. Herbarium specimens (NCNPR # 13124) of 

the plants were prepared and deposited in the herbarium of MPG.

Preparation of samples for light microscopy

Fresh tuber samples were fixed in formalin-acetic acid-alcohol (FAA) for two days and 

washed in distilled water. Free-hand sections of the tubers were made in various thicknesses 

at different angles using razor blades. The sections were mounted on glass slides in a drop of 

glycerin. The mounted sections were then analyzed and imaged using Nikon E600 and 

Nikon E600 POL microscopes equipped with Nikon DS–Fiv camera systems and Nikon 

Elements imaging software (Nikon Inc., Tokyo, Japan). Idioblasts containing bundles of 

raphide crystals were isolated from fresh sections using needles and forceps while observing 

them with a Nikon SMZ-U Stereomicroscope.

Preparation of samples for scanning electron microscopy

Freshly collected tuber samples were sliced at various angles and the pieces were fixed 

overnight in 2.5 % glutaraldehyde in 0.2 M sodium phosphate buffer (pH 7.4) and washed in 

distilled water and dehydrated through increasing concentrations of ethanol (Hayat 2000). 

The dehydrated specimens were then dried in a Critical Point Dryer (Denton Vacuum, 

Moorestown, NJ, USA) using liquid CO2. The fully dried samples were then mounted on 

aluminum stubs using sticky carbon tabs and sputter coated with gold (Hummer 6.2 Sputter 

Coater, Anatech USA, Union City, CA, USA). Digital images of the specimens were 

captured using a JSM-5600 Scanning Electron Microscope (SEM) (JEOL USA Inc., 
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Peabody, MA, USA). Some of the critical point dried samples were coated with platinum 

(15 nm) using an EMS 150T ES Sputter Coater (Electron Microscopy Sciences, Hatfield, 

PA, USA). These samples were then mounted on aluminum stubs, viewed, and imaged using 

a JEOL JSM-6500F Field Emission SEM. Elemental analyses were done with a Bruker 

Quantax 200 X Flash EDX Spectrometer System attached to a Zeiss EVO 50 Variable 

Pressure SEM at 10 kV, using INCA-Mapping software.

Results

During the anatomical study (Raman et al. 2014) of various species of Dioscorea L. 

(Dioscoreaceae), two unusual types of raphide crystals were observed in the tubers of D. 
polystachya. A survey of the literature showed that they did not represent any of the four 

types (Fig. 1a) of raphides that were known to occur in the Plant Kingdom (Horner and 

Wagner 1995). Therefore, the two unusual crystal types are described here as Type V and 

Type VI (Fig. 1b). The composite needles in both of these types consist of plate-like sheets, 

occurring in bundles that are embedded in mucilage within crystal idioblast vacuoles. The 

unique feature of these raphide crystals is that they are lamellate, each containing 10–20 

thin, compact crystalline sheets arranged parallel to the longitudinal axis of the needle, and 

enclosed by a membrane. The crystalline sheets are either free or partly fused.

The crystal units of Type V (Figs. 2, 3) are usually six-sided or rarely eight-sided (appearing 

more or less circular in light microscopy; Fig. 2c, d), pointed at both the ends (Fig. 2b, g–i), 

measuring 125–160 μm long. Cross-sections at midpoint of the crystal are hexagonal (Fig. 

2a–f) or octagonal, and narrowly elliptic (Fig. 2h) in outline near the ends. The crystals are 

1.5–4.5 μm across, with the sides measuring 0.9–2.0 μm near middle point and gradually 

tapering towards the pointed ends. The number of crystal units in each bundle range from 

140 to 250. The bundle, measuring 29–47 μm in diameter, is embedded in thick mucilage 

within the crystal idioblast vacuoles (Fig. 2a, c, g). In sectional view, the compact crystal 

bundle with its six- to eight-sided crystal units displays a honeycomb-like structure (Fig. 3a, 

f). In some bundles, the crystal units are separated from each other and these spaces are 

filled with mucilage.

The crystal units of Type VI (Fig. 4a–i) are four-sided (Fig. 4b, c, g–i), with beveled ends 

(Fig. 4d, e), measuring 130–165 μm long, occuring in bundles. The bundles are 59–65 μm in 

diameter. Cross sections at midpoint of the crystal is square (Fig. 4b, c) or broadly 

rectangular (Fig. 4h, i), and narrowly rectangular near the beveled ends (Fig. 4g). The sides 

of the square-type crystals measure 2.4–3.3 μm. The sides of the rectangular-shaped 

composite crystals measure 3.3–5.8 × 2.4–3.4 μm wide. The width of the beveled ends is 

almost equal to the width of the crystal. The crystal units of this type are usually loosely 

arranged in a bundle embedded in mucilage (Fig. 4a–e).

The crystal units in these two types of crystals contain a series of 10–20 thin crystalline 

sheets that together are enveloped by a single crystal membrane (Figs. 3a–i, 4f–i). The 

crystalline sheets are closely packed within the enveloping membrane and are arranged 

parallel to the length of the crystal unit (Figs. 3, 4f). In cross-sectional view, the single 

crystal membrane is hexagonal or rarely octagonal in outline in Type V and is rectangular or 

Raman et al. Page 5

J Plant Res. Author manuscript; available in PMC 2017 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



square in Type VI composite crystals. In some crystals, the crystalline sheets are clearly 

separated (Fig. 3e, f) whereas in others they appear to be more or less fused (Figs. 3c, d, 4h, 

i).

The tubers of Dioscorea polystachya show three regions in cross section: a ring of cork, 

followed by a narrow band of cortex (the outer ground tissue) and the wide central cylinder 

(including the vascular bundles and the inner ground tissue). Cortical cells are devoid of 

starch whereas the cells of the inner ground tissue are filled with large amounts of starch 

grains. The tubers of this species are rich in various types of raphide crystals which are 

concentrated in the cortex region and sparingly distributed in the ground tissue (Raman et al. 

2014). Type III (Agave) crystals (Fig. 3g–i) are abundant in the cortex as well as the ground 

tissue. Occasionally, Type IV (Vitis) crystals are also observed. Type V and Type VI crystals 

are uncommon in comparison to Type III in this species. Of the first two types, the Type V 

crystal is more common. The Type V crystal is usually found in the cortex (Fig. 2a, e, f) but 

it is also formed in the ground tissue. The Type VI crystal is observed only in the ground 

tissue (Fig. 4d, e). Raphide crystals are also present in the leaves of D. polystachya. While 

Type III crystals are most common, the new Type VI crystals are infrequently observed in 

the leaves.

Energy-dispersive X-ray spectroscopy (EDS or EDX) microanalysis of crystals

Both Type V and Type VI crystals were analyzed for their elemental composition. Both 

types of crystals and their crystalline contents produced similar spectra showing prominent 

peaks for calcium (Ca), carbon (C) and oxygen (O). The peaks showed slight variations in 

different spectra and the spectrum in Fig. 5 is representative of all spectra of the two new 

types of crystals. The atomic ratio (1:2:4) of these three elements derived from the spectra 

indicated that the crystals were of calcium oxalate (CaC2O4), and not CaCO3; also based on 

birefringence and crystal shape. The samples initially sputter coated with gold (Au) and 

platinum (Pt) showed peaks for these heavy metals. None of the spectra showed peaks for 

silicon, ruling out the possibility of the crystals being silica.

Discussion

The finding of two new types of raphides (Types V and VI) is not surprising in that relatively 

few examples of raphides have been observed in fine detail within the Plant Kingdom. These 

observations raise a number of questions about the development of these crystals and the 

unique composition of many individual planar crystals making up a single raphide having 

two different morphological shapes and ends (Type V versus Type VI). They could be 

related to different hydration (mono- versus di-hydrate) forms of the calcium oxalate even 

though this has not been confirmed. This highly unusual condition of lamination to form a 

composite crystal is biologically and crystallographically perplexing.

The question of whether these two types of crystals may be artifacts or variants of existing 

types also need to be considered. Bright-field and polarized-light microscope views of fresh 

sections of the crystals do not clearly show the lamellated condition, perhaps due to the 

limitation in magnification and resolution. However, fractured specimens prepared for SEM 

clearly show the lamellated conditions as described above. Multiple preparations are 
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consistent in showing both the lamellated and solid raphides in separate idioblasts. The Type 

V crystal is morphologically similar to Type III so V can be a variant of III, but both the 

types differ in their anatomy: lamellated in Type V (Fig. 3a–f) and solid in Type III (Fig. 3g–

i). Several studies focusing formation and development of crystals are available in the 

literature but none of them report the laminated nature of raphides. Also, there are no 

intermediary forms or different developmental stages reported in the literature to conclude 

Type V crystal as a variant of Type III. It is also not clear at this point whether the crystalline 

sheets fuse during the course of maturation to eventually form the solid needle. If this is true 

then the Type V will convert to the Type III. On the other hand, Type VI crystal is clearly 

different from the four previously reported types of raphides by having beveled ends, a 

feature found in styloid crystals, which usually occur as individual crystals in cells. For the 

question of whether this is also a variant, it is not known at this stage how the beveled ends 

would transform to points, since none of the other types of raphides have beveled ends. 

Noticeably, Type V and Type VI crystals have similar anatomy. For these reasons, we 

believe the Type V and Type VI raphides (Dioscorea types) described in this study represent 

two new raphide crystal types. Detailed studies focusing on the formation and development 

of these unusual as well as previously described types of raphide crystals would possibly 

provide new insights on the biogenesis of raphide needles and also help to understand their 

developmental stages and possible transformations in their morphology and anatomy.
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Fig. 1. 
Types of raphide crystals. a diagrams of four known shapes of plant raphide crystals (Types I 

to IV) showing longitudinal and cross-sectional views [adopted from Crowther (2009)—

originally redrawn from Horner and Wagner (1995)]. b Two shapes (Types V and VI) of 

raphide crystals described in this study from Dioscorea polystachya tuber showing their 

morphology and cross-sections. Note the crystalline sheets as seen in cross-sections; and 

beveled end forms in Type VI crystal
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Fig. 2. 
Type V raphide crystals in Dioscorea polystachya tuber. a–d Light microscopy (LM), free-

hand sections, unstained; e–i SEM. a Portion of tuber in transection (TS) showing a crystal 

idioblast in cortex containing Type V crystal bundle. b Portion of cortex showing Type V 

crystal and a usual Type III raphide bundle. c, d TS of a Type V crystal idioblast in cortex-

bundle of needles is embedded in thick mucilage. e Portion of tuber in TS showing a Type V 

bundle in cortex. f Type V bundle in cortex and an usual Type III bundle in ground tissue. g 
View of a Type V raphide bundle embedded in mucilage. h TS of Type V crystal near 

Raman et al. Page 11

J Plant Res. Author manuscript; available in PMC 2017 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pointed end. i Fractures of Type V crystal showing sectional and side views and pointed 

ends. ci crystal idioblast, ck cork, cx cortex, gt ground tissue, mu mucilage, rc usual Type III 

raphide crystals, sg starch grains, t5 Type V crystals. Bars 200 μm (a, b, e, f), 50 μm (c), 20 

μm, (d, g), and 10 μm (h, i)
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Fig. 3. 
SEM images of Type V and Type III raphide crystal bundles in Dioscorea polystachya tuber. 

a–f Type V bundles. Each Type V bundle consists of 140–250 needles or crystal units within 

crystal idioblast and bundle is embedded in thick mucilage. Each crystal unit/needle consists 

of 10–20 compactly packed thin crystalline sheets enclosed by a six- or eight-sided 

membrane. g–i Type III bundles. g Entire view of Type III raphide crystals showing pointed 

ends. h, i TS of Type III crystals showing solid cut faces. cs crystalline sheets, cu crystal 
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units, cw crystal unit wall, iw idioblast cell wall, mu mucilage. Bars 10 μm (a), 5 μm (b, c, e, 

f, h), 2 μm (d, i), and 20 μm (g)
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Fig. 4. 
Type VI raphide crystals in Dioscorea polystachya tuber. a, b Polarized light. c LM. d–i 
SEM. a An isolated bundle of Type VI crystals. b, c In transection (TS) of Type VI raphide 

crystals showing four-sided crystal units/needles. d Entire view of individual crystals of 

Type VI. e A portion of bundle showing beveled ends of needles. f A longitudinal fracture 

showing inner view of needle. g TS of crystals near tip/end of crystal is narrowly rectangular 

in outline. h, i TS at the mid-portion of Type VI crystal has four sides and rectangular in 
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outline. cs crystalline sheets, cw crystal unit wall, mu mucilage, t6 Type VI crystals. Bars 50 

μm (a, b), 20 μm (c–e), 5 μm (f–h), and 2 μm (i)
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Fig. 5. 
SEM X-ray energy dispersive elemental analysis of isolated Type V and Type VI raphide 

crystals. Crystals were coated with gold (Au) and platinum (Pt). Remaining peaks of C, Ca 

and O indicate both crystal types are composed of calcium oxalate (CaC2O4)
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