
129© The Author(s) 2018 
K. Endo et al. (eds.), Biomineralization, 
https://doi.org/10.1007/978-981-13-1002-7_14

Chapter 14
Rice Plant Biomineralization: Electron 
Microscopic Study on Plant Opals 
and Exploration of Organic Matrices 
Involved in Biosilica Formation

Noriaki Ozaki, Takuya Ishida, Akiyoshi Osawa, Yumi Sasaki, Hiromi Sato, 
Michio Suzuki, Keiju Okano, and Yuko Yoshizawa

Abstract  Biologically formed amorphous silica (biosilica) is widely found in dia-
toms, marine sponges, terrestrial plants, and bacteria, some of which have been well 
characterized. Although rice plants produce large amounts of biosilica (plant opal) 
in their leaf blades and rice husks, the molecular mechanism of biomineralization is 
still poorly understood. In the present study, we investigated the fundamental prop-
erties of plant opal in leaf blades of the rice plants (Oryza sativa) by scanning elec-
tron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy. The 
number of fan-shaped plant opal increases in the motor cells (bubble-shaped epider-
mal cells) during heading time. High-resolution SEM analysis revealed that the 
plant opals are composed of nanoparticles, as is the case with diatom silica and 
siliceous spicule of sponge. Organic matrices in biominerals have been considered 
to control mineralization. Biosilicas in diatom and marine sponge are formed under 
ambient conditions using organic matrices, unique proteins, and long-chain poly-
amines. In this study, we report the establishment of purification method of plant 
opals from rice leaf blades. Finally, we succeeded in extracting organic matrices 
from the purified plant opal.
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14.1  �Introduction

Biomineralization is widespread phenomenon by which organisms produce miner-
als by using organic matrices under ambient conditions (Lowenstam and Weiner 
1989). The resulting minerals, termed biominerals, have a specific morphology and 
demonstrate excellent physical properties. Biogenic amorphous silica (biosilica) is 
known as one of the representative biominerals. Biosilica is widely observed in 
skeleton of diatoms, spicules of marine sponges, spore coats of bacteria, and epicu-
ticles of certain higher plants. As in the case of other biominerals, organic matrices 
in biosilicas are thought to be associated with silica formation. Until now, in dia-
toms, glass sponges, and certain facultative bacteria, several organic matrices 
involved in silica formation have previously been identified, such as unique proteins 
(silaffin, glassin, and CotB1) and long-chain polyamines (LCPAs) (Sumper and 
Kröger 2004; Shimizu et al. 2015; Matsunaga et al. 2007; Motomura et al. 2016). 
These matrices are highly charged and have been shown to promote silica formation 
from monosilicic acid solution near a neutral pH. On the other hand, there are few 
studies on silica formation of higher plants. The best-known example of silicon 
accumulating plants, rice plants (Oryza sativa), produces a large amount of biosili-
cas (plant opal) in their leaf blades and rice husks. Silicon uptake mechanism from 
soil is transporter mediated and energy dependent (Ma et al. 2006). Plant opal depo-
sition has been shown to improve disease resistance, light interception, and mechan-
ical properties (Ma and Takahashi 2002). Despite the importance of plant opal in 
rice plants, information on the molecular mechanisms involved in plant opal forma-
tion is very limited. To date, there are no published reports on organic matrices from 
plant opal of rice, as far as we know. In the present work, we have investigated the 
fundamental properties of plant opals by microscopic analyses and extracted an 
organic matrix from fan-shaped plant opals.

14.2  �Materials and Methods

14.2.1  �Plant Materials and Microscopy

The leaf blades of rice plants (Oryza sativa cv. Akita-sake-komachi) were collected 
from paddy field in Akita Prefectural University. Optical microscope (BX51, 
Olympus) and field emission SEM (SU-8010, Hitachi) were used to analyze the 
microstructure of leaf blades and morphology of plant opals. The chemical compo-
sition of silica was confirmed with an energy-dispersive X-ray spectroscope (EDX; 
EMAX x-act, HORIBA). Prior to counting the number of fan-shaped opal, the leaf 
blade was incinerated at 550  °C.  The ashed sample was carefully placed on 
Superfrost micro slides (Matsunami) and observed with the optical microscope.
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14.2.2  �Extraction of Organic Matrices from Plant Opals

Plant opals were separated from mature leaves according to the method of Setoguchi 
et al. (1990) with slight modifications. After washing with distilled water, rice leaf 
blades were cut into small pieces and ground with a mixer mill. The homogenate 
was passed through a nylon mesh filter of 258 μm pore size (NB60, Atflon). The 
filtrate containing plant opals is put on a watch glass, and heavier fan-shaped plant 
opals were separated from lighter small leaf fragment by a series of decantation. 
Cell walls bound to fan-shaped plant opals were removed by sulfuric acid and cel-
lulase (Onozuka R-10, Wako, Osaka) treatments. The resulting fan-shaped opals 
were suspended in 4 M hydrogen fluoride (HF) solution and left for 2 h at room 
temperature. After centrifugation for 10 min at 2000 g, the supernatant was sub-
jected to dialysis (Float-A-Lyzer, Spectra-Por) against distilled water. The dialysate 
(HF-soluble fraction) was lyophilized and the resulting organic matrices were sub-
jected to tricine-SDS-PAGE. Organic matrices were detected by Coomassie Brilliant 
blue (CBB; EzStain AQua, ATTO) and silver (SilverXpress, Thermo Fisher) stain-
ing. The HF-soluble fraction passed through the 30 kDa molecular weight cutoff 
filter (Amicon Ultra 15, Millipore) was used to raise antibody in rabbits through a 
commercial source. Another set of sample was subjected to SDS-PAGE and subse-
quent blotting to a PVDF membrane. The membrane was blocked with 5% skim 
milk diluted in TBS (Tris-buffered saline; 50 mM Tris, 0.85% NaCl, pH 7.2) with 
Tween 20 (0.05%) for 1  h and then incubated in the primary antibody solution 
(1:100) for 1  h at room temperature. After washing, it was incubated in 1:3000 
diluted solution of AP-conjugated goat anti-rabbit IgG secondary antibody (Bio-
Rad) for 1 h at room temperature. The target protein was visualized using a BCIP/
NBT substrate system (Bio-Rad).

14.3  �Results and Discussion

14.3.1  �Morphology and Function of Plant Opals

Representative SEM micrographs of several types of plant opal from rice leaf blades 
are shown in Fig. 14.1. SEM-EDX analysis proved that all types of plant opals were 
composed of silicon, oxygen, and carbon (data not shown). The surface of leaf 
blades consists of silicified cells, called long cells making plate-shaped opals 
(Fig.  14.1a), prickle hair (Fig.  14.1b), and short cells making dumbbell-shaped 
opals (Fig. 14.1c). Our preliminary study revealed that plant opals on leaf surface 
are formed and silicified within 2 weeks after germination (data not shown). The 
possible function of these opals on the leaf surface is considered to protect against 
biotic and abiotic stress, such as pathogenic bacteria and dryness. Only the 
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fan-shaped plant opal (Fig.  14.1d) is formed inside the leaf blade. Our research 
group confirmed that fan-shaped opal contains highest concentration of silica (Sato 
et al. 2017). Based on higher magnification image of fan-shaped opals, we found 
that the opal comprised fine particles with several tens of nanometer in diameter 
(Fig. 14.1e). Similar silica nanoparticles are also found in the spicules of marine 
sponges (Aizenberg et al. 2005)

In order to investigate the formation period of the fan-shaped opal, we collected 
rice leaves from July to October. To count the number of opals, each collected leaf 
blades were treated by calcination at 550 °C. The optical micrograph of surface of 
leaf blade after calcination is shown in Fig. 14.2a. Fan-shaped plant opals (arrow-
heads) were observed in the motor cells between the veins of the leaf (white dotted 
line) and were aligned like a backbone. As shown in Fig. 14.2b, the number of 
fan-shaped opals sharply increased around the heading time. The heading time 
(dotted line) in Akita prefecture was early August with strong sunlight. Although 
the function of the fan-shaped opal had not been clarified (Kaufman et al. 1979; 

Fig. 14.1  Representative scanning electron microscope (SEM) micrographs of plant opals in rice 
leaf blades. (a) Plate-shaped opal. (b) Silicified prickle hair. (c) Dumbbell-shaped opals. (d) 
Purified fan-shaped opal. (e) Silica nanoparticles constituting fan-shaped opal
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Agarie et al. 1996), we suggested the possibility that fan-shaped opals have a role 
in guiding light to chloroplast by optical simulation and actual optical experiment 
(Sato et al. 2016). Another possibility is that the fan-shaped opals formed inside 
the leaf play a role like a bone and improve the posture for light interception (Ma 
and Takahashi 2002). In either case, the fan-shaped opal may promote photosyn-
thesis necessary for panicle formation.

14.3.2  �Organic Matrices from Separated Plant Opals

Although organic matrices from biosilica are considered to play important roles in 
silica formation, there are few reports about organic compounds in plant opal (phy-
tolith) of higher plants (Elbaum et al. 2009). It was difficult to extract organic matri-
ces from opals, due to complex structure consisting of cuticle and silica layer. So, 
we developed a novel silica purification method and succeeded in extracting organic 
matrices from the separated plant opal. Cell walls bound to the silica were decom-
posed by successive treatments with sulfuric acid and cellulase. The HF-soluble 
fraction from opals was subjected to tricine-SDS-PAGE. At least two main bands 
(arrowheads) were detected using CBB staining (Fig. 14.3a). On the other hand, 
only one band was stained with silver staining (Fig. 14.3b, arrowhead). From these 
results, the band with an apparent molecular mass of 10 kDa is referred to as the 
HF-soluble protein. Only the 10  kDa protein strongly reacted with the antibody 
raised against the fraction containing HF-soluble protein (Fig. 14.3c, arrowhead), 
indicating that the antibody was highly specific to this protein. The amino acid 
sequence analysis by LC-MS/MS and immunohistochemical analysis of this protein 
are in progress. Detailed results will be reported elsewhere.

Fig. 14.2  Fan-shaped plant opal formation in the flag leaf of rice. (a) Optical micrograph of sur-
face of ashed leaf blade. White dotted lines indicate vascular bundle. When looking at fan-shaped 
opals from another angle, it looks like rectangle structures (arrowheads). (b) Time course of forma-
tion of fan-shaped plant opals. Dotted line indicates the heading time (ear-forming period). The 
number of fan-shaped opal was measured by counting rectangle structures (arrowhead in a)
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