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Abstract Silicon transport and incorporation into

plant tissue is important to both plant physiological

function and to the influence plants have on ecosys-

tem silica cycling. However, the mechanisms con-

trolling this transport have only begun to be explored.

In this study, we used secondary ion mass spectrom-

etry (SIMS) to image concentrations of Si in root and

shoot tissues of annual blue grass (Poa annua L.) and

orchard grass (Dactylis glomerata L.) with the goal of

identifying control points in the plant silica uptake

pathway. In addition, we used SIMS to describe the

distributions of germanium (Ge); the element used to

trace Si in biogeochemical studies. Within root tissue,

Si and Ge were localized in the suberized thick-

walled region of endodermal cells, i.e. the proximal

side of endodermal cells which is in close association

to the casparian strip. In leaves, Si was present in

the cell walls, but Ge was barely detectable. The

selective localization of Si and Ge in the proximal

side of endodermal cell walls of roots suggests

transport control is exerted upon Si and Ge by the

plant. The absence of Si in most root cell walls and its

presence in the cell walls of leaves (in areas outside

of the transpiration terminus) suggests modifications

in the chemical form of Si to a form that favors Si

complexation in the cell walls of leaf tissue. The low

abundance of Ge in leaf tissue is consistent with

previous studies that suggest preferential transport of

Si relative to Ge.

Keywords Silicon � Germanium �
Casparian strip � Secondary ion mass spectrometry

(SIMS) � High pressure freezing � Freeze-substitution

Introduction

The uptake and biomineralization of silicon by higher

plants is an important process with impact both on the

function and productivity of plants and the biogeo-

chemical cycle of silicon. Silica (expressed as SiO2)

content in plant tissue has been implicated in several

functions including resistance to disease and patho-

gens, structural support, and resistance to herbivory

(Epstein 1999; Fauteux et al. 2005). There is extensive

agronomic evidence for the relationship between silica
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availability and yield in crop plants including rice,

wheat, and maize (Raven 2003; Richmond and

Sussmman 2003). A number of field studies have

shown that plant uptake of Si can strongly influence

ecosystem and regional level cycling and transport of

silicon (Lucas et al. 1993; Alexandre et al. 1997;

Meunier et al. 1999; Carnelli et al. 2001; Lucas 2001;

Derry et al. 2005). Historically, the study of the Si

cycle in terrestrial environments has primarily focused

on the release of Si from mineral weathering and its’

coupling to the carbon cycle (e.g., White and Brantley

1995). However, biological processes play an increas-

ingly recognized role in the global Si cycle. Conley

(2002) estimated biological Si cycling in the terrestrial

environment to be 60–200 Tmol year-1; compared to

the 240 Tmol year-1 estimated to be cycled in the

marine environment (Conley 2002; Treguer et al.

1995). The annual biological turnover of Si in

terrestrial environments is at least an order of magni-

tude higher than the global rate of silica release from

weathering of silicate minerals [5–8 Tmol year-1

(Berner and Berner 1996)]. Understanding the role of

biological cycling of silica in soil-forming processes

and in controlling stream and soil water chemistry is a

significant challenge in biogeochemistry. Here we

present evidence from secondary ion mass spectrom-

etry (SIMS) on the mechanisms controlling uptake of

silicon and its analog element germanium by common

grasses. We seek to improve understanding of the

controls on Si and Ge uptake and possible fractionation

in higher plants.

Silica occurs in nearly all plants. The amount of

silica contained in tissues varies significantly (0.1–10%

dry weight) depending upon the species (Epstein

1999). This strongly implies some level of control is

exerted by the plant on the magnitude of silica taken

into plant tissues. Previous work has shown plant

roots take up silicon in the form of silicic acid (Raven

2003) and silicon is translocated through the plant as

monomeric silicic acid (Casey et al. 2001; Mitani

et al. 2005). Silica in plants is commonly found as

amorphous silica bodies known as phytoliths but

other forms are known. Post-harvest analyses have

described polymers of hydrated amorphous silica in

plant cell walls and silica-cellulose layers on the

surface of leaves and stems (Yoshida et al. 1969).

Recent work has used the germanium–silicon ratio

as a tracer of silica sources in the environment. Like

silicon, germanium is a Group IVb element, with an

ionic radius in the IV-coordinated state of 39 pm

compared to Si = 26 pm (Shannon, 1976). Germanate

structural analogs appear to form ideal solid solutions

with silicate minerals (Capobianco and Navrotsky

1982; Martin et al. 1996; Evans and Derry 2002).

Under most biogeochemically relevant conditions Ge

is mainly present in the dissolved form as monomeric

germanic acid (Ge(OH)4), similar to silicic acid

(Si(OH)4) (Pokrovski and Schott 1998). In most

silica-containing materials Ge is present at trace

concentrations, with Ge/Si ratios typically from 0.2 to

5 lmol/mol in common minerals and natural waters

(Mortlock and Froelich 1987). The similarity in

oxidation state, crystal radii, hydration shell, and

distribution between common minerals and the

aqueous phase suggest that Ge may be useful as an

analog for Si in biogeochemical studies. Early

workers used the radioisotope 68Ge to trace uptake

of Si in plants and diatoms [Azam and Volcani 1981].

The use of stable Ge as a ‘‘pseudo-isotope’’ of silicon

was pioneered as a tracer of the marine silica cycle

(Froelich et al. 1985). Ge is not significantly

fractionated from Si during uptake by diatoms, but

is fractionated during weathering and hydrothermal

processes (Froelich et al. 1992; Kurtz et al. 2002;

Murnane and Stallard 1990; Evans and Derry 2002).

Field and laboratory studies indicate that leaf

phytoliths isolated from a variety of plant groups

have low Ge/Si relative to co-existing soil minerals or

solutions (Derry et al. 2005, Garvin 2006; Blecker

et al. 2007; Delvigne et al. 2009). Ge and Si

distributions in two prairie grasses (Agropyron

smithii and Schizachyrium scoparium) suggested that

roots were the site of discrimination against Ge

(Blecker et al. 2007). These observations support the

use of Ge/Si ratios as a tracer of biogenic Si cycling

in the terrestrial environment (Derry et al. 2005).

However, fine-scale hydroponic measurements of

Si and Ge absorption in wheat (Rains et al. 2006)

and 68Ge radio-isotope studies (Nikolic et al. 2007)

have suggested Si and Ge compete with each other

equally during root uptake. There appears to be some

degree of uncertainty concerning the importance of

fractionation between Ge and Si during plant uptake

and biomineralization. While the use of Ge/Si ratios

as a tracer of biogeochemical cycling of Si is

promising, an improved understanding of the mech-

anisms and controls on any such fractionation is

necessary to properly interpret field data.
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Si concentrations in plants tend to be highest in

leaves, implying that silica precipitation is commonly

associated with the end of the transpiration stream,

although silicification does occur in other tissues.

Amorphous silica (opal) bodies in plant leaves

(phytoliths) are widespread in plants and, after the

decomposition of plant material, found in many soils.

While there is a large body of evidence supporting

the importance of silica in many plant groups, the

mechanisms of silica uptake and biomineralization in

plants are still not well understood. To date, most

work on silica biomineralization has focused on

siliceous plankton; significant progress has been

made describing the genetic and biochemical controls

in the marine diatom Cylindrotheca fusiformis

(Hildebrand et al. 1997; Kroger et al. 2002; Perry

2003). However, similar progress has not been

forthcoming in higher plants. Recently, Ma et al.

(2006, 2007) described silica transporter genes in rice

(Lsi1 and Lsi2) and their expression and localization

were characterized by immunohistological fluores-

cence staining. The responsible genes appear to be

related to those known to code for aquaporins and are

not closely related to the genes responsible for silica

transport in diatoms. Lsi1 was expressed on the distal

side of both the exodermis and endodermis in rice

roots, and is proposed to be responsible for symplas-

tic Si transport into the endodermis (Ma et al. 2006).

Lsi2 was expressed on the proximal side of both the

exodermis and endodermis, and is proposed to be a

Si efflux transporter (Ma et al. 2007). This combina-

tion of influx and efflux transporters in endodermis is

proposed to be responsible for the effective transcel-

lular transport of Si (Ma et al. 2007). The relationship

between silica distributions in plant roots and the

activity of the proposed transporters remains unclear.

The most direct measurement would be to describe

the distribution of silica within the plant at high

resolution and fidelity. Scanning electron microscopy

with X-ray microanalysis has been used with some

success (Rafi et al. 1994). However, no method to

date has been applied that describes the subcellular

localization of silica and germanium within plants

with high fidelity.

We investigated the subcellular location of silica

and germanium in the common annual blue grass

(Poa annua L.) and orchard grass (Dactylis glomerata L.)

using dynamic SIMS based technique of ion micros-

copy. The goal was to determine spatial patterns and

gradients potentially relevant to understanding uptake

and biomineralization processes in the root and shoot

tissues. Ion microscopy is ideally suited to this

kind of study as it is capable of providing spatially

resolved 3-D imaging of any elements from hydrogen

to uranium with high sensitivity (ppm to ppb) and

500 nm spatial resolution (Castaing and Slodzian

1962; Linton and Goldsmith 1992; Chandra et al.

2000; Chandra 2005, 2008). Used in this mode the

SIMS instrument provides high spatial resolution but

only semi-quantitative data on concentrations, since

emissivity factors for the different element have not

been quantified in this matrix.

SIMS is a high vacuum technique and cryogenic

sample preparations are needed for maintaining the

chemical integrity of the sample. In the present study,

we used high pressure freezing and freeze-substitu-

tion of grass tissues to study the localization of Si and

Ge in common grass species with the explicit goals of

identifying (1) control points in the plant silica uptake

pathway, and (2) distributions of Si and Ge indicative

of differential uptake.

Materials and methods

Plant tissue and growth conditions

Plants used in this study were grown hydroponically in

a controlled growth facility located at Cornell Uni-

versity. Twenty-five individuals of annual blue grass

(Poa annua L.) and canary grass (Dactylis glomerata

L.) were germinated in perlite, allowed to grow for one

week and then transferred to a commercial 80-L

hydroponic system (Model 91003, American Hydro).

The growth solution included a complete standard

nutrient compliment (Hoagland solution) and amended

with Si and Ge to initial concentrations of 0.5 mmol/L

Si and 2 nmol/L Ge, for an initial Ge/Si = 4 9 10-6

mol/mol. Si was obtained from the dissolution of

sodium metasilicate in distilled water, and Ge from an

analytical standard solution in 2% HNO3. These

concentrations of Si and Ge are comparable to the

higher end of natural soil solutions. The nutrient

solution was changed weekly. Daytime temperature

and light conditions were maintained at 25�C and

1000 lmol m-2 s-1, respectively, throughout the

period of growth. Nighttime temperatures were main-

tained at 20�C.
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High pressure freezing and freeze-substitution

High-pressure freezing (Dahl and Staehelin 1989) and

freeze-substitution in diethyl ether (Harvey et al.

1981) were used for optimal structural and chemical

preservation of grass tissues in the study. One to 2 mm

grass root and leaf (shoot) segments were cut with a

razor blade and quickly transferred to a bath contain-

ing 0.03 M PIPES buffer (1,4 peprazinediethanesul-

fonic acid) plus 200 mM sucrose prior to freezing in a

Balzer’s HP10 High Pressure Freezer. The tissue

samples were freeze-substituted in diethyl ether

(DEE) at -90�C for 6 days. The 6-day substitution

time was chosen based on the relatively long substi-

tution time required for DEE, which is known for

good preservation of intracellular chemical distribu-

tion. The tissue samples were then gradually warmed

and embedded in Spurr’s low viscosity resin.

Light microscopy analysis of freeze-substituted

samples

One-micron thick sections that were stained in Azure

blue were used for light microscopy analysis for

morphological observations.

Sectioning and mounting of freeze-substituted

samples for spatially resolved chemical analysis

with SIMS ion microscopy

Sections of *1 lm thickness that were obtained

from the freeze-substituted samples were either

collected on water or picked up dry before mounting

them as flat as possible on polished tantalum

substrates for SIMS analysis. Tantalum is an electri-

cally conducting substrate that does not interfere with

the analysis of the elements of interest in the present

study and provides a smooth surface for SIMS

analysis (the sample is held at ±4500 V relative to

ground in the ion microscope instrument).

SIMS imaging of elemental (isotopic)

distributions in grass root and shoot tissues

A dynamic SIMS CAMECA IMS-3f ion microscope

instrument capable of producing isotopic images with

500 nm spatial resolution was used in this study

(Chandra et al. 2000). Over its lifetime, the instru-

ment has been upgraded and is equipped with a

primary beam mass filter and a 5f Hall Probe control

chassis. The control system of the instrument has also

been upgraded with a Charles Evans and Associates

model PC-1CS Computer Interface system with a

Windows-based computer. A 5.5 keV mass filtered

primary ion beam of O2
? was raster scanned over

either 250 or 500 lm2 regions of the sample for

imaging studies. A 60 lm contrast aperture and either

150 or 400 lm transfer optics were employed in the

imaging mode for the detection of positive secondary

ion signals. The primary ion beam intensity was

adjusted to 200 nA (250 lm2 raster) for 150 lm

transfer optics and 600 nA (500 lm2 raster) for

400 lm transfer optics for the analysis of 1 lm thick

freeze-substituted sections mounted on the tantalum

substrates. SIMS images with masses 23, 28, 29, 39,

40, and 72 revealed the distribution of 23Na, 28Si,
29Si, 39K, 40Ca, and 72Ge isotopes, respectively, in the

tissue. Both 28Si and 29Si isotopes were imaged to

confirm the distribution of silicon in tissue structures.

The germanium distribution was studied at mass 72

(72Ge?) which revealed significantly higher purity of

the secondary ion signals as compared to the major

isotope 74Ge in this sample matrix.

SIMS isotope images were digitized directly from

the microchannel plate/fluorescent screen assembly

of the ion microscope using a slow scan charge-

coupled device (CCD) camera (Photometrics; Tuc-

son, AZ; Model CH220 CCD liquid-cooled camera

head equipped with a Thomson-CSF TH7882 CDA

CCD) and digitized to 14 bits per pixel with a

Photometrics camera controller. The composite pho-

tographs showing multi-elemental (isotopic) distribu-

tions in designated tissues were made in Photoshop�

from individual SIMS images recorded with the CCD

camera.

Results

Light microscopy analysis of high pressure frozen

and freeze-substituted grass tissues

Figure 1 shows light microscopy observations of

structural details in high pressure frozen and freeze-

substituted root (Fig. 1a) and shoot (Fig. 1b) tissues.

Typical morphological features of distinct layers of
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cells are discernible in both tissues. The root

epidermis (EP), the large, highly vacuolate cortical

cells (C), and the distinct layer endodermis (E) that

separates the cortical tissue from the vascular cylin-

der are all visible in the image (Fig. 1a). Vascular

tissues, xylem (X) and phloem, and parenchyma cells

are also visible (Fig. 1a). Similarly, well-preserved

structural features are evident in the leaf tissue

(Fig. 1b). Individual cells in the epidermis and

parenchyma are distinct. Xylem vessels (X), phloem

(Ph), and individual cells of the lower epidermis can

be easily identified.

SIMS imaging of subcellular distributions of Ca,

Si, Ge, K, and Na in root tissue

We imaged 29Si and 72Ge for the direct comparison

of the spatial distributions of Ge and Si. 40Ca was

imaged because Ca a major component of cell walls

and thus gives a good image of the cellular structure

by SIMS. Because preparation of biological tissues

for microsectioning can disturb elemental distribu-

tions, 39K, and 23Na were imaged as a test of the

fidelity of sample preservation (Chandra et al. 2000,

Chandra 2005, discussed further below). Figure 2 is a

composite photograph showing positive secondary

ion SIMS images of 40Ca, 29Si, 72Ge, 39K, and 23Na

isotopic distributions in designated panels (Fig. 2a–e)

from a 1 lm thick section of root tissue. SIMS

images represent spatially resolved distribution of the

total concentration of designated elements, via the

detection of their respective major (or minor)

isotopes, and the relative sensitivity of SIMS detec-

tion can vary between different elements. The level of

brightness within a SIMS image is proportional to the

relative concentration of the analyte in spatially

resolved regions. The rarer 29Si isotope (4.7% atom

abundance) is shown in this image. In the 40Ca SIMS

image (Fig. 2a), the root-tissue structure is discern-

ible as calcium is a major component of the cell

walls. The major histological features of the root,

such as the epidermis, cortical cells, and large

parenchyma cells are distinguishable from the dis-

tinct inner layers of cells in the endodermis. Since

SIMS images are formed from a gradual sputtering

(ablation) of the sample surface in the Z-direction

(i.e., downward into the surface of the sample), the

distributions of silicon, germanium, potassium and

sodium can be revealed in the same tissue (Fig. 2b–e).

The SIMS images of silicon and germanium

(Fig. 2b, c) show a highly localized pattern of

distribution in the root tissue. Silicon and germanium

are both localized at the exterior of the vascular

cylinder. This general region is often referred to as

the casparian strip and is characterized by thickened

and highly suberized cell walls and a point of

Fig. 1 Light micrographs showing morphological preserva-

tion in high pressure frozen and freeze-substituted root and

shoot tissues of annual blue grass (Poa annua L.). Similar

preservation was observed in orchard grass (Dactylis glomerata
L.). The root epidermis (EP), the large, highly vacuolate

cortical cells (C) are discernible, along with the distinct layer

endodermis (E) that separates the cortical tissue from the

vascular cylinder (a). Vascular tissues, xylem (X) and phloem,

and parenchyma cells of pith are also well preserved (a).

Similarly, well-preserved structural features are also seen in the

shoot (leaf) tissue (b). The xylem vessels (X) and phloem (Ph)

are identified with letters and arrows (b)
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symplastic-only transport. Silicon and germanium

signals are localized in the cell wall of the endoder-

mal cells (Fig. 2b, c).

The 39K and 23Na distributions are similar and

differ from the 40Ca distribution in the root tissue

(Fig. 2). These images are representative of distribu-

tions of these elements found in the root tissue in five

replicates of each species regardless of the wet and

dry sectioning methods for collecting sections.

Figure 3 shows a higher magnification view of a

root cross section. In this image, the more common
28Si isotope (natural abundance 92.3%) is shown. The

four images were generated sequentially [i.e., the first
40Ca SIMS image shown in pseudo-color green

(Fig. 3a) was recorded prior to the 28Si (red) and
72Ge image (blue) (Fig. 3b, c)]. The 28Si and 72Ge

SIMS images again show the accumulation of Si and

Ge in the endodermal cell walls. In order to test that

the SIMS 3-D sampling did not completely remove

the tissue structures during this analysis, a second
40Ca image (shown in grayscale) (40Ca-2, Fig. 3d)

was recorded after the recording of the 72Ge image.

The second 40Ca image clearly matches the first 40Ca

image confirming the SIMS sampling of both 28Si

and 72Ge images in tissue material in between the two

calcium images is a representation of the true

localization and not from any ion microscopic

sampling errors during analysis. The overlay and

superimposition of 28Si (red) and 72Ge (blue) SIMS

images over the 40Ca-1 (green) image is shown in

panel ‘‘e’’ (Fig. 3e) to illustrate an unequivocal co-

localization of Si and Ge in the same subcellular

region of endodermal cells. A magnified view of a

portion of the overlay demonstrates that both Si and

Fig. 2 Subcellular SIMS imaging of the positive secondary

ions of 40Ca, 29Si, 72Ge, 39K, and 23Na isotopes in high pressure

frozen and freeze-substituted root tissue of annual blue grass

(Poa annua L.). Similar preservation was observed in orchard

grass (Dactylis glomerata L.). The level of brightness in

individual SIMS images shown in designated panels (a–e)

reveal the gradient of the designated isotope (element) in the

tissue. The image integration times on the CCD imager for

SIMS images were 60 s for the 40Ca image, 2 min each for 29Si

and 72Ge images, and 5 s each for 39K, and 23Na images
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Ge localize in the proximal side of endodermal cell

walls (Fig. 3f).

A light microscope image of the same tissue

(Fig. 4) shows the structure in which Si and Ge are

localized. Both Si and Ge occur in the proximal side

of endodermal cell walls (PE, indicated by arrows in

Fig. 4), in a close association to the well known

location of Casparian strip.

SIMS imaging of subcellular distributions

of Ca, Si, Ge, K, and Na in leaf tissue

Figure 5 is a composite photograph showing positive

secondary ion SIMS images of 40Ca, 28Si, 72Ge, 39K,

and 23Na isotopic distributions in designated panels

(Fig. 5a–e) from a 1 lm thick section of the leaf

tissue. Calcium is localized in cell walls with some

Fig. 3 Three-dimensional

subcellular SIMS imaging

of the positive secondary

ions of 40Ca, 28Si, 72Ge, and
40Ca isotopes in high

pressure frozen and freeze-

substituted root tissue of the

annual blue grass (Poa
annua L.). Similar

preservation was observed

in orchard grass (Dactylis
glomerata L.). The images

of 28Si and 72Ge were

recorded between the two
40Ca images (40Ca-1 and
40Ca-2) shown in

designated panels (a–d).

The pseudo-colors and

overlay displays illustrate

co-localization of Si and Ge

in proximal cell walls of

endodermal cells (e, f). The

image integration times on

the CCD imager for SIMS

images were 1 min each for
40Ca images, 30 s for the
28Si image, and 2 min for

the 72Ge image. Note: In

printed copy of the journal,

all color images in this

figure are shown as black-

and-white images. This

does not change the overall

interpretation of the data

that both Si and Ge are co-

localized in the proximal

side of endodermal cells in

the root

Biogeochemistry (2011) 104:237–249 243
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degree of heterogeneity and with a higher accumu-

lation in the primary epidermal cell wall (Fig. 5a).

Leaf trichomes also contain calcium (top left area of

the image). Silicon is not preferentially localized in

any particular cell type and is associated with the cell

walls in much of the leaf tissue (Fig. 5b). Germa-

nium, at barely detectable concentrations, is associ-

ated with cell walls (Fig. 5c). The 39K and 23Na

distributions suggest these elements do not concen-

trate in leaf trichomes (Figs. 5d and 5e), but are

localized in the parenchyma cells and the cells of the

lower epidermis.

Due to the presence of Na?–K?-ATPase in the

plasma membrane of eukaryotic cells, the preserva-

tion of higher levels of intracellular potassium than

sodium has been used as a criterion for SIMS

evaluation of the reliability of sample preparation in

animal cells (Chandra et al. 2000, Chandra 2005).

However, the specialized plant structures implicated

with the transport of elements and the presence of

large vacuoles in plant cells make it difficult to

observe high K-low Na intracellular signals in all

cells. Despite these complexities, there is still some

validation of this criterion as shown in individual cell

images of 39K and 23Na distributions shown in Fig. 5

(indicated by arrows). In this analysis, the image

integration times on the CCD camera were identical

for 39K and 23Na. Since the SIMS’ relative sensitivity

factors are comparable for 39K and 23Na in the plant

tissues (Ramseyer and Morrison, 1983), we calcu-

lated 39K?/23Na? ratios from SIMS images in

individual cells. Interestingly, the observed 39K?/23

Na? ratio of *10 in these cells is in general

agreement to the ratios of these elements typically

observed in animal and plant cells (Chandra et al.

2002; Chandra 2005; Derue et al. 2006).

The ratio of 72Ge?/28Si? secondary ions was

calculated for the proximal side of endodermal cells

walls of the root tissue and cell walls in the leaf tissue

after pixel-by-pixel registration of 28Si? and 72Ge?

SIMS images for spatial correlation (e.g. Figs. 3, 5).

Because SIMS relative sensitivity factors (RSF) for
28Si? and 72Ge? are not known in this sample type,

this ratio is only semi-quantitative. While the abso-

lute intensities or ratios we obtained cannot be used

to quantify Ge or Si concentrations, the 72Ge?/28Si?

ratios can be compared among our samples since the

sample matrix does not appear to differ greatly. The

observed 72Ge?/28Si? in the leaf tissue is 2–3 times

lower than in the proximal cell wall regions of the

root, where the measured Ge and Si are outside the

xylem stream. The depletion of Ge in leaf tissues

relative to Si of factor of 2–3 is similar, but somewhat

less, than that reported from bulk analyses of grasses

in laboratory and field experiments (Blecker et al.

2007; Delvigne et al. 2009). Those authors found

depletion of Ge of a factor of 5 or greater between

the growth medium and the shoot tissue. The

difference may reflect a different basis for compar-

ison, as well as the higher RSF for Ge relative to Si.

If we apply the RSF(Ge/Si) = 3.0 determined by

Wilson (1995) our results are in reasonable quanti-

tative agreement with those of Blecker et al. (2007)

and Delvigne et al. (2009). The Blecker et al. and

Delvigne et al. studies compared bulk leaf tissue to

growth solutions, while the present study compares

microanalysis of leaf cell wall material to the silica

rich regions around the casparian strip in the

proximal side of cell walls of the root endodermal

cells. In any case the direction is the same, and the

magnitude comparable, implying that transport

across the endodermal cell layer (and casparian

strip) to the xylem stream is an important step in

fractionating Ge from Si in higher plants.

Fig. 4 Light microscopy image from a 1-lm thick section

from the tissue adjacent to the one used for SIMS imaging in

Fig. 3. The arrows identify the proximal side of endodermal

cells (PE) as the primary site for Si and Ge localization in the

previous SIMS images

244 Biogeochemistry (2011) 104:237–249

123



Discussion

To the best of our knowledge, the present manuscript

is the first attempt to analyze Si and Ge at subcellular

scale resolution with SIMS in grass tissues. There is

no available literature for assessing the detection

limits of these elements in freeze-substituted sample

type. It should be noted that the SIMS sensitivities of

these elements do not affect a comparison of the ratio

between different SIMS images since the comparison

is limited to the cell wall matrix in the present study.

Future work is needed in this area for quantification

of SIMS images. However, in materials samples, the

detection limits for Si and Ge were observed to be in

the low ppm range for the type of SIMS instrument

used in the present study (Tanaka et al. 1988).

Our SIMS observations indicate that Si and Ge

clearly accumulate in the cell walls of endodermal

cells (Figs. 2, 3). This implies some level of exclu-

sion of both Si and Ge by the casparian strip. A likely

scenario is that transport becomes symplastic at the

edge of the vascular cylinder, silica and germanium

are actively transported at some rate less than that for

the bulk flow of water causing Si and Ge to come out

of solution and deposit locally to the cell wall. The

distribution of Si and Ge in the proximal side of cell

walls of endodermal cells is in very close agreement

with the localization of silica transporter gene Lsi2

(Ma et al. 2007) in rice. Lsi2 was reported to be

expressed on the proximal side of plasma membranes

of cells in the endodermis, and is proposed to be a Si

efflux transporter into the stele (Ma et al. 2007). The

present study provides the first direct evidence that a

gradient of Si and Ge is also present in identical

subcellular location of endodermal cells in grass

roots. Based on a very limited data set that showed a

Fig. 5 Subcellular SIMS imaging of the positive secondary

ions of 40Ca, 28Si, 72Ge, 39K, and 23Na isotopes in high

pressure frozen and freeze-substituted leaf (shoot) tissue of the

annual blue grass (Poa annua L.). Similar preservation was

observed in orchard grass (Dactylis glomerata L.). The level of

brightness in individual SIMS images shown in designated

panels (a–e) reveal the gradient of the designated isotope

(element) in the tissue. The arrows point to individual cells

with high 39K-low-23Na signals. The image integration times

on the CCD imager for SIMS images were 60 s for the 40Ca

image, 2 min each for 28Si and 72Ge images, and 5 s each for
39K, and 23Na images
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single root phytolith with low Ge/Si, Blecker et al.

(2007) suggested that Ge was excluded from the root

at the root-solution interface. However Delvigne

et al. (2009) showed that the root tissues of banana

(Musa) and horsetails (Equisetum) had high Ge/Si,

while tissues further along the transpiration stream

had much lower Ge/Si. They suggested an alternative

hypothesis that plant uptake did not discriminate

against Ge, but rather that Ge preferentially accumu-

lated in the root zone, resulting in relative depletion of

Ge in tissues further down the transpiration stream.

Our study appears broadly consistent with this con-

clusion. Delvigne et al. further suggest that Ge might

be stored in roots as organic complexes. However we

found that silica-rich bodies along the proximal side

of endodermal cell walls sequester Ge, and did not

observe any evidence for accumulation of Ge at sites

not associated with silica. These observations suggest

that Ge may indeed accumulate in root zones, but is

most likely associated with silica in biogenic opal

rather than stored as organic complexes.

Ge and Si transport

It seems extremely unlikely the observed pattern of Si

and Ge could result from simple diffusive transport,

and is consistent with the suggestion of active

transport of silicon in plant roots (Tamai and Ma

2003; Ma et al. 2006, 2007).

In the shoots, we find that Si is localized in most

cell walls (Fig. 5). In contrast, Ge is very low to

undetectable throughout the leaf. This information

combined with the evidence for controlled transport

within the roots (Figs. 2, 3) suggests the transport of

Si and Ge may be fundamentally different. Whole-

leaf digestion data from many plant leaves show low

Ge/Si relative to growth water (Derry et al. 2005;

Garvin 2006; Blecker et al. 2007) and suggest large

fractionations against Ge relative to Si are common

during plant uptake. The recent work of Delvigne

et al. (2009), where they found low (Ge/Si)leaf

relative to soil solutions in field-grown bananas and

horsetails, is in excellent agreement with these

studies, This is in contrast to fine-scale root uptake

studies using the radiotracer 68Ge (Rains et al. 2006).

The data we present here supports a discrimination

against Ge compared to Si. Why there is disagree-

ment among these sources is unclear. Studies sup-

porting a discrimination tend to come from field

comparisons of solution to biomass Ge:Si or labora-

tory studies (like the one presented here) where Ge

and Si within the growth solution mimics natural soil

concentrations. Studies reporting similar uptake tend

to use equivalent Si and Ge concentrations in the

growth solution, with Ge/Si ratios 5 to 7 orders of

magnitude greater than known natural growth envi-

ronments (Rains et al. 2006). It seems likely that such

enormous perturbation of Ge levels in the growth

medium fundamentally changes the uptake dynamic

between the two elements. However, recently Nikolic

et al. (2007) reported both root and shoot Ge/Si

similar to the growth medium even when using a

growth solution with 68Ge concentrations comparable

to Ge in natural soil solutions, and concluded that

there was no significant discrimination between Ge

and Si during uptake. Nikolic et al. do not provide

uncertainties in their paper, but taken at face value

their data indicate, on average, about a 5% prefer-

ential uptake of Ge in both root and shoot tissues

relative to the nutrient solution. This result is in the

opposite sense to our work and that of Delvigne et al.

(2009) and also opposite to the modest discrimination

against Ge that would be expected from passive

diffusion alone (see below). The reasons for the

discrepancy between the Nikolic et al. 68Ge technique

that shows little or no fractionation and the ICP-MS

data of Blecker et al. and Delvigne et al. that show

large fractionations are not clear, although the

assumption that the radiotracer will behave quantita-

tively in the same way as natural trace elements is not

clear because of potential difficulty with isotopic

equilibration with the sample and short-lived radio-

tracer. One other possibility is that the dry ashing

technique at 550�C used by Nikolic et al. promoted

volatilization of Ge–F or Si–F complexes, a phenom-

enon we have observed in some samples (for this

reason our lab uses a closed system microwave wet

digestion at much lower T = 180�C). Regardless, this

evident discordance in results deserves further

investigation.

Passive vs active mechanisms of Ge–Si

fractionation

The accumulation of Si and Ge around the casparian

strip (Fig. 3) sets up a significant chemical gradient

which could drive diffusive transport. Differences in

the diffusivity of Si and Ge could contribute to the
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observed fractionation. Si and Ge are present almost

exclusively as silicic acid Si(OH)4 and the homolo-

gous germanic acid Ge(OH)4 at pHs typical of soil

and plant roots (Pokrovski and Schott 1998). The

diffusivity D of uncharged species can be estimated

from the Stokes–Einstein equation:

D ¼ kBT

6plRo
ð1Þ

where kB is the Boltzman constant, T is temperature, l
is the kinematic viscosity of the solvent, and Ro is the

effective radius of the solute molecule. The absolute

accuracy of the Stokes–Einstein equation has been the

subject of discussion in the literature (Edwards 1970;

Cussler 1997). Here we are only concerned with

relative differences in diffusivity, for which it is quite

likely to be sufficiently robust for our purposes.

Consequently the parameter of interest is Ro, typically

estimated with van der Waals radii. However the van

der Waals radius of Ge is not well known (Bondi

1964). Instead we compare the Si–O and Ge–O bond

distances (Shannon and Prewitt 1969). The geometry

of the Si(OH)4 molecule given by Gibbs et al. (1994)

suggests that these bond lengths should closely

approximate the molecular radius. The Si–O distance

is 160.7 pm, while Ge–O is 173.8 pm. For

lH2O = 0.1 g cm-1 s-1 and T = 298 K the Stokes–

Einstein equation predicts DSi = 1.36 9 10-5 cm2

s-1, while DGe = 1.25 9 10-5 cm2 s-1, a difference

of only 7.6%.

The fractionations observed in field studies (and

presented here) are simply too great to be explained

by molecular diffusion, or by the differences in the

energetics of amorphous SiO2 or GeO2 precipitation

(e.g. Pokrovski and Schott 1998). Thus, passive

mechanisms seem incapable of producing such large

fractionations (C5 9 enrichment of Si over Ge in

leaf tissues relative to source water). In contrast,

active transport mechanisms in plants are known to

be highly specific and it is not unreasonable to expect

that active and plant-controlled transport could cause

significant differential uptake of Ge and Si as

germanic and silicic acids into the xylem. The silica

transporter gene Lsi1 and Lsi2 reported from rice (Ma

et al. 2006, 2007) are closely related to those known

to code for aquaporins, ‘‘water channel’’ proteins

implicated in the transport of small uncharged

molecules such as water and glycerol. By analogy

an aquaporin type protein may be well suited for the

active transport of the small, uncharged silicic acid

molecule. Specificity in terms of molecular radius

and vibrational frequencies may be sufficient to

significantly discriminate against low levels of nat-

ural Ge, but less effective when Ge levels are

enriched by six orders of magnitude as used in some

laboratory studies of Ge uptake. The observation in

this study of the localization of both Si and Ge in the

proximal side of endodermis of the plant root and the

similar localization of the Lsi2 transporter gene made

by Ma et al. (2007) strongly suggests active transport

and that the transport mechanism discriminates

against Ge. Differences in the transport efficiency

for Ge and Si may shed light on the nature of the

transport mechanism. We note that available evi-

dence indicates that all higher plants analyzed to date,

including examples of woody and herbaceous groups,

and gymno- and angiosperms, show strong fraction-

ation against Ge relative to Si, even when they

accumulate very different levels of biogenic silica

(Derry et al. 2005; Garvin 2006; Blecker et al. 2007;

Delvigne et al. 2009). This widespread tendency to

fractionate Ge from Si suggests that the mechanism

responsible for Si transport during plant uptake may

be common to many or all vascular plants.

We observed silicon in the cell walls of leaf tissue

but not in the cell walls of root cells other than the

endodermis (see Figs. 2, 3, 5). This suggests the

chemical form of either silicon or the cell wall

material itself is different in the shoot changing the

affinity for the deposition of Si to the cell wall. This

observation is consistent with the observation that

silicon plays a significant role in the aboveground

structure of many plants (e.g., Epstein 1999; Fauteux

et al. 2005).

The sample preparation for plant cells has long

remained an area of active research in SIMS and

many approaches have been used including chemical

fixation, freeze-substitution, freeze-drying, and fro-

zen-hydrated samples (see, e.g. Linton and Goldsmith

1992; Lazof et al. 1996; Grignon et al. 1996; Derue

et al. 2006). The choice for a particular method of

sample preparation is problem- and sample type-

dependent. For the present work, chemical analysis of

cells and tissue structures of the root and leaf tissues

were needed for understanding the localization and

transport characteristics of Si and Ge in plants. This

study shows that the freeze-substitution method

coupled with high pressure freezing can provide a
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valuable methodology for SIMS studies of elements

in plant tissues. Although the preservation of struc-

tural details can be evaluated more precisely using

TEM analysis of high pressure frozen tissues, the

evaluation of localized and spatially resolved chem-

ical composition is often more difficult. SIMS, with

the appropriate sample preparation technique,

appears to be a good method for such chemical

analyses and the validity of sample preparation can

be assessed using K/Na ratios.

Finally, this study demonstrates that SIMS imaging,

following careful sample preparation, can be a pow-

erful tool for studying the distribution and transport

processes of a wide range of elements in plant tissues.

Since stable isotopes can be used in plant experiments

and imaged separately by SIMS (as shown by the

imaging of 28Si and 29Si in Figs. 2, 3), rarer isotopes

could be used as tracers with a multitude of applica-

tions. The ability to monitor isotopes at fine resolution

within plant cells will enable novel approaches for

understanding the kinetics of elemental uptake and the

turnover of elements within cells and other tissue

structures within plants. In the case of Ge and Si both

spatially resolved but semi-quantitative and quantita-

tive point SIMS analyses can be an important tool for

understanding the mechanisms of elemental and

isotopic fractionation in the solution-plant environ-

ment.
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