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For the first time, the three-dimensional (3D) ultrastructure of an intact rice

pollen cell has been obtained using a full-field transmission hard X-ray

microscope operated in Zernike phase contrast mode. After reconstruction and

segmentation from a series of projection images, complete 3D structural

information of a 35 mm rice pollen grain is presented at a resolution of�100 nm.

The reconstruction allows a clear differentiation of various subcellular

structures within the rice pollen grain, including aperture, lipid body,

mitochondrion, nucleus and vacuole. Furthermore, quantitative information

was obtained about the distribution of cytoplasmic organelles and the volume

percentage of each kind of organelle. These results demonstrate that

transmission X-ray microscopy can be quite powerful for non-destructive

investigation of 3D structures of whole eukaryotic cells.

1. Introduction

Rice (Oryza sativa) is one of the world’s most consumed staple

foods. Manipulation of pollen fertility is particularly important

to fulfill the increasing demand of rice grain yield. Pollen is an

important element of reproduction and evolution, and there-

fore pollen research is of great significance. Actually, what we

need to know first is the morphology and structure of the

pollen. Many different imaging techniques have been used to

study both the structure and morphology of different kinds of

pollen grains. However, those techniques have limitations in

achieving high spatial resolution in the imaging of a whole

pollen grain. In the case of optical microscopy, the spatial

resolution is limited by the wavelength of visible light.

Another widely used instrument is the electron microscope

(EM). Research on different species of pollen has been

reported since the introduction of the EM (Ehrlich, 1958;

Skvarla & Larson, 1965). Although the spatial resolution of

the EM can be down to several nanometers, it cannot obtain a

real three-dimensional (3D) structure. Serial sectioning and

acquisition of an entire set of images is required to cover

an entire cell, but mechanical cutting generates the loss of

sections and/or serious damage to the ultrastructure of pollen

grains.

As an emerging imaging technique, transmission X-ray

microscopy bridges the resolution gap between optical and

electron microscopy. The combination of short wavelength

and high penetrating power leads to the possibility of

providing high-resolution images and 3D tomography without

cutting sections of the sample. Regarding imaging research,
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the use of X-rays can be divided into two categories: soft and

hard X-ray microscopy. The occurrence of specific elemental

absorption lines shows that organic materials exhibit a greater

attenuation than water (Attwood, 1999). This region of the

X-ray spectrum belongs to soft X-rays, which is usually

recognized as the ‘water window’ region. There have been

many important findings working with water window soft

X-ray microscopes: the visualization of the whole cellular

structure, hydrated cells (Magowan et al., 1997; Methe et al.,

1997; Jacobsen, 1999) and tomography of various eukaryotic

cells (Le Gros, 2005; Schneider et al., 2010; Hummel et al.,

2012; Müller et al., 2012) without staining. However, the depth

of focus of soft X-ray microscopy is limited to several micro-

meters, which means that it is difficult to collect images of most

eukaryotic cells with typical dimensions larger than 10 mm. In

contrast, transmission hard X-ray microscopy can provide

internal 3D structures of cells with a thickness up to 50 mm

(Andrews et al., 2010; Zhang et al., 2013). This dimension

already covers the size of most eukaryotic cells. Recently,

there has been rapid developments in the construction and

application of hard X-ray microscopes (Stampanoni et al.,

2010; Martinez-Criado et al., 2012; Chen-Wiegart et al., 2013).

In this contribution, we present 3D tomography of rice

pollen grains using hard X-ray nano-tomography. Zernike

phase contrast and heavy metal staining (Zheng et al., 2012;

Wang et al., 2014) have been utilized to achieve high-quality

tomography. The reconstructions clearly reveal subcellular

structures within an intact cell. 3D segmentation provides the

size and shape of the subcellular structures. Quantitative

information, including the ratios of organelle volume over cell

volume and the surface area to volume, have also been esti-

mated.

2. Materials and methods

2.1. Sample preparation

Rice pollen grains were kept in the rice anther before being

removed to perform X-ray imaging experiments. A small

aperture was made in the top of the palea of each rice flower

and the flower was soaked in 4.0% glutaraldehyde for 4 h at

277 K, then rinsed in a phosphate buffer solution (PBS) three

times and post-fixed with 2% osmium tetroxide for 1 h at

277 K. After being rinsed three times with PBS, the flowers

were stained with 2% uranyl acetate overnight to make sure

they were fully stained and rinsed. Then they were stained

with 2% lead citrate for 2 h. Finally, the flowers were rinsed

and dehydrated in graded ethanol series of 50–100% and dried

in air. The staining technique used here followed a similar

approach to that found to be successful for electron micro-

scope imaging of pollen (Echlin, 1965).

2.2. Transmission X-ray microscope

The nano-tomography experiments were performed using

the transmission hard X-ray microscope (TXM) commis-

sioned at beamline 4W1A of the Beijing Synchrotron Radia-

tion Facility. An elliptically shaped capillary condenser was

used to focus the incident X-rays onto the sample, and a phase

ring was placed in the back focal plane of the objective to

provide the Zernike phase contrast. A zone-plate objective

magnified the sample images, which were finally recorded by

a 1024 � 1024 charge coupled device camera. In our experi-

ment, a layout with a large field of view was used: the field of

view was 60 mm � 60 mm, the photon energy was 8 keV and

the outermost zone width of the zone plate was 35 nm (Yuan et

al., 2012).

As mentioned above, in order to improve the image

contrast of cell organelles, samples were stained with heavy

metals and the TXM was operated in the Zernike phase

contrast mode in an effort to further enhance the edge

contrast of the organelles. Before setting the sample inside the

TXM, some gold particles were carefully pasted on top of the

sample using an optical microscope. These particles were used

for alignment of serial tilts and for the tomographic recon-

struction. A series of sequential projection images were

recorded from �90� to +90� with 0.5� increment and an

exposure time of 15 s for each projection. Projection data were

reconstructed using a commercial software package provided

by Xradia (Tkachuk et al., 2007) while the segmentation was

performed using Avizo Fire 7.1 software (Visualization

Sciences Group, Bordeaux, France).

3. Results and discussion

Pollen is considered to be an excellent model system for the

study of meiotic events, cellular organization, cell–cell inter-

actions and polar growth in plant biology (Bedinger et al.,

1994). It is not a simple cell and shows complex changes during

the process of maturity. After analysis using the TXM, we then

observed the structure using a scanning electron microscope

(SEM) as contrast. As shown in Fig. 1(a), the extine, intine and

some organelles of the rice pollen can be clearly recognized.

They can also be recognized in the slice produced by the TXM

(Fig. 1b). However, the TXM collects almost 1000 slices, which

contain all the information required to form a 3D picture of

the whole pollen grain, while the SEM only provides a random

section. In other words, we can obtain more useful information

from a TXM quickly. TXM slices were obtained from a rough

3D tomography directly generated by tilted serial projection
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Figure 1
Rice pollen grain imaged by SEM (a) and TXM (b). Scale bars = 5 mm.



drawings using a standard filtered back-projection algorithm

(Kak & Slaney, 1988).

We stained the sample to improve the absorption contrast

and used a phase ring to increase the phase contrast. Intrinsic

characteristics of organelles, such as linear absorption coeffi-

cient, size and shape, help to distinguish different organelles

within the rice pollen (Parkinson et al., 2008). Moreover, the

Zernike phase contrast provides a good differentiation of the

organelles. Due to the ‘hole effect’ produced by the phase

contrast (Youn & Jung, 2006), bright boundaries surrounding

the organelles are more obvious. According to the clear

boundaries of the cytoplasmic organelles and the cell wall of

rice pollen in each reconstructed slice, a 3D segmentation and

rendering of the rice pollen was performed. Images showing

four colors of organelles based on this procedure can be seen

in Fig. 2.

Through the use of segmentation and rendering, the size,

shape and distribution of the pollen organelles are presented

in Fig. 2. The largest number of organelles, marked in green,

also having a low grey-value, are lipid bodies (Fig. 2b). The

cylindrical material marked in blue are mitochondria, and the

distribution shows that the mitochondria tend to be on one

side of the cell. The yellow material is the vacuole, with the

highest grey-value. The black material in the 3D tomography

corresponds to the nuclei, which are under caryomitosis and

react in the inner edge of the cell, particularly on the maturing

process of the pollen grain (Fig. 2c). Detailed microstructural

parameters obtained from the segmentation process are listed

in Table 1. The volume and superficial area of the rice pollen

grain are 2968.3 mm3 and 7833.7 mm2, respectively. Among all

the organelles, the lipid body occupies the highest volume

percentage, i.e. 9.98%. This means that the lipid body plays an

important role in the growth of the pollen. Mitochondria and

vacuole occupy 2.37% and 3.54% of the pollen volume,

respectively, and the volume of the nucleus is about 2.25% of

the entire cellular volume. Note that the volume content of

each kind of organelle is low while the ratio of surface area to

volume is always high. This results in a large effective contact

area to the cytoplasm, which is meaningful to the organelles

for it helps improve the material exchange efficiency.

Pollen grains are embedded in a resistant wall, in order to

permit the pollen tube germination. They have a structure

called the aperture, where the pollen wall is reduced or absent.

It is usually located at the distal pole. From the reconstruction

we obtain slices of the pollen aperture. The extine, intine and

the location of the aperture (red arrow) can be clearly

distinguished from the virtual cross-section [Figs. 3(a) and

3(b)]. As shown in the 3D rendering, the

thickness of the wall is about 1 mm and a

prospective germination site can be

easily observed [Figs. 3(c) and 3(d)].

Rice belongs to the monocot family and

usually has only one aperture, so the

development of this aperture is impor-

tant for fertilization. During the long

period of pollen maturation, its cyto-

plasm undergoes massive structural and

metabolic changes. Different from seeds

where proteins are the most important

reserves, carbohydrates and lipids are

the principal reserves in mature pollen

(Pacini, 1996). Data shown in Table 1

confirm this claim. We also find that

lipid bodies and mitochondria, which

gathered on the side of the aperture, are

ready for the germination of the pollen

grain (Fig. 3d). Polarization of lipid

bodies towards the aperture could also

prevent water loss.

The major advantage of the TXM

technique is that it can obtain 3D

structural information of the cell in

a near natural state. This unique

capability makes it an ideal tool for

cellular imaging research. Different
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Figure 2
3D rendering of rice pollen. (a) Cell wall marked in cyan and mitochondrion marked in blue. (b)
Lipid body marked in green. (c) Vacuole marked in yellow and nuclei marked in black. (d)
Complete view of the whole rice pollen. The lower right-hand corner of each image shows a two-
dimensional slice of mitochondrion, lipid body, vacuole and nucleus, respectively. Scale bar = 5 mm.

Table 1
Microstructural parameters of the organelles in the rice pollen grain.

Volume
(mm3)

Area
(mm2)

Surface area
to volume ratio
(mm�1)

Volume
fraction

Vacuole 105.0 297.4 2.83 3.54%
Nucleus 66.9 384.4 5.75 2.25%
Lipid body 296.2 3373.4 11.39 9.98%
Mitochondrion 70.3 565.4 8.05 2.37%
Pollen 2968.3 7833.7 2.64



varieties of rice pollens may have a different percentage

composition of the cytoplasmic organelles. For example,

genetically modified rice can significantly increase the yield of

rice via gene expression, which can change both the quantity

and the volume of some organelles. From a 3D tomography

achieved using a TXM, we can easily locate those organelles

and obtain their structural parameters. It is also a helpful tool

for transgenosis engineering research.

However, some structures cannot be detected in TXM

images. A possible reason for this is that some organelles are

not stained with the technique that we used. Another reason is

that the dimensions of the organelles fall below the current

resolution of the TXM. The foreseen development in the

manufacture of optical elements and staining technology will

certainly improve the performance of TXMs and this instru-

ment will certainly play an important role in biological science.

4. Conclusion

In this study we demonstrated that transmission hard X-ray

microscopy is suitable for morphology research of eukar-

yocytes. We provided 3D substructure tomography of rice

pollens and the volume percentage of their cytoplasmic

organelles. The distribution of organelles also reveals some of

the roles they play. Data and images clearly confirm that TXM

is a perfect tool for revealing secrets of the development,

evolution and variation of many species.

It may offer precious information

capable of guiding the evolution and the

variation in many different directions.
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Figure 3
Pollen aperture imaged by hard X-ray microscopy. (a), (b) 2D virtual cross-sections of the rice
pollen aperture from TXM reconstruction. Scale bar = 2.5 mm. (c) 3D rendering of the pollen
aperture. Scale bar = 2 mm. (d) 3D rendering of the whole cell with the transparent cell wall and
shaded pollen aperture. Scale bar = 5 mm.
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