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Abstract Ge/Si ratios of plant phytoliths have been

widely used to trace biogeochemical cycling of Si.

However, until recently, information on how much of

the Ge and Si transferred from soil to plants is actually

stored in phytoliths was lacking. The aim of the

present study is to (i) compare the uptake of Si and Ge

in three grass species, (ii) localize Ge and Si stored in

above-ground plant parts and (iii) evaluate the

amounts of Ge and Si sequestrated in phytoliths and

plant tissues. Mays (Zea mays), oat (Avena sativa) and

reed canary grass (Phalaris arundinacea) were

cultivated in the greenhouse on soil and sand to

control element supply. Leaf phytoliths were extracted

by dry ashing. Total elemental composition of leaves,

phytoliths, stems and roots were measured by ICP-

MS. For the localization of phytoliths and the deter-

mination of Ge and Si within leaf tissues and

phytoliths scanning electron microscopy (SEM),

energy dispersive x-ray spectroscopy (EDX) and laser

ablation inductively coupled mass spectrometry (LA-

ICP-MS) was used. The amounts of Si and Ge taken up

by the species corresponded with biomass formation

and decreased in the order Z. mays[P. arundinacea,

A. sativa. Results from LA-ICP-MS revealed that Si

was mostly localized in phytoliths, while Ge was

disorderly distributed within the leaf tissue. In fact,

from the total amounts of Ge accumulated in leaves

only 10% was present in phytoliths highlighting the

role of organic matter on biogeochemical cycling of

Ge and the necessity for using bulk Ge/Si instead of

Ge/Si in phytoliths to trace biogeochemical cycling of

Si.

Keywords Germanium � Ge/Si ratio � Phytoliths �
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Introduction

Germanium (Ge) is widespread in most rock forming

minerals and soil minerals, but with quantities that are

Responsible Editor: Karsten Kalbitz.

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10533-020-00646-x) con-
tains supplementary material, which is available to authorized
users.

S. Kaiser (&) � O. Wiche

Institute for Biosciences, Biology/Ecology Group, TU

Bergakademie Freiberg, Freiberg, Germany

e-mail: sabine.kaiser@tu-freiberg.de

S. Kaiser � C. Funke

Institute of Experimental Physics, TU Bergakademie

Freiberg, Freiberg, Germany

S. Wagner

Department of Analytical Chemistry, Helmholtz-Center

for Environmental Research – UFZ, Leipzig, Germany

C. Moschner � O. Wiche

Interdisciplinary Environmental Centre, TU

Bergakademie Freiberg, Freiberg, Germany

123

Biogeochemistry (2020) 148:49–68

https://doi.org/10.1007/s10533-020-00646-x(0123456789().,-volV)( 0123456789().,-volV)

https://doi.org/10.1007/s10533-020-00646-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-020-00646-x&amp;domain=pdf
https://doi.org/10.1007/s10533-020-00646-x


a factor of roughly 10,000 lower than silicon (Si). In

dependence of the pedogenetic conditions, particu-

larly the soil parent material and weathering intensi-

ties, concentrations of Ge in soils may vary between

0.1 and 15 mg kg-1 (Reimann et al. 2003). However,

considering different soil types derived under various

pedogenetic conditions the global average concentra-

tion in soils is 2 mg kg-1 Ge (Reimann et al. 2003;

Kabata-Pendias 2010; Wiche et al. 2018). During

pedogenesis Ge shows remarkable geochemical sim-

ilarities to that of Si. Due to similar ionic radii (39 pm

compared to Si = 26 pm) Ge readily substitutes Si in

many primary and secondary soil minerals (Gold-

schmidt 1926; Shannon 1976; Bernstein 1985). There-

fore, germanium (Ge) has been often considered as a

‘‘pseudoisotope’’ of silicon (Si). Indeed, in geochem-

ical research Ge/Si-ratios have been successfully

deployed as tracer of Si cycle (Froelich et al. 1985;

Derry et al. 2005; Lugolobi et al. 2010; White et al.

2012). However, as a result of laboratory and field

experiments, there is evidence that the biogeochem-

ical cycling of Ge is not simply analogous to that of Si

(Pokrovski and Schott 1998). The rationale behind this

argument is that, unlike Si, Ge exhibits distinct

chalcophilic, lithophilic, siderophilic and organophilic

behaviour in the environment. Specifically, under

most biogeochemically relevant conditions Ge is able

to form stable complexes with soil organic matter

while for Si this organophilic behaviour seems to be

much less pronounced (Pokrovski and Schott 1998).

Besides the movement and transformation of Ge

and Si within or among biotic and abiotic soil phases,

biogeochemical cycling of elements involves the

uptake and accumulation of the elements in plant

tissues that are subsequently returned to soil through

litterfall. It is generally assumed that plants have a

strong biological imprint on the biogeochemical

cycling of both Si and Ge (Derry et al. 2005; Cornelis

et al. 2010; White et al. 2012).

Until recently the transformation of Ge-bearing

mineral soil phases and the silicification of plant cells

has been extensively studied (Kurtz et al. 2002;

Scribner et al. 2006; Piperno 2006; Lugolobi et al.

2010). Nevertheless, there is still a lack in our

understanding in the process of Ge/Si movement,

accumulation and transformation within plants.

The capability of plant species to accumulate Si/Ge

in their biomass obviously differs among species

belonging to the functional groups of

monocotyledonous grasses and dicotyledonous forbs,

respectively. Plants from the functional group of

grasses (Gramineae and Cyperaceae) typically accu-

mulate higher concentrations of both, Ge and Si in

their shoots than forbs (Hodson et al. 2005; Wiche

et al. 2018). Some exceptions have been reported for

cucumber, sunflower and wax gourd which are Si

accumulating dicots (Yan et al. 2018). The natural

silicon content in grasses varies between 0.1 and 10%

of the dry weight depending on the species (Epstein

1999; Ma et al. 2001; Liang et al. 2007). Compared to

Si the concentration of Ge in grasses is substantially

lower ranging between 0.04 to 2.8 lg g-1 (Wiche

et al. 2018).

Until today, Ge has been neither identified to be

essential for plant growth nor as strongly toxic to

plants. Plants may accumulate Ge unintentionally

during the acquisition of Si. Unlike Ge, Si shows many

beneficial effects on plant growth. Silicon improves

plants’ ability to deal with salt stress, drought stress,

temperature fluctuations, radiation and UV-B damage,

pathogen attack and metal toxicity (Liang et al. 2007;

Balakhnina and Borkowska 2013; Wu et al. 2013;

Bakhat et al. 2018; Etesami and Jeong 2018; Katz

2019). The variation in Ge concentrations among

species and functional groups originates from physi-

ological differences in the roots, particularly presence

or absence of active transport mechanisms or a varying

density of the transporters in the root cell membranes

(Nikolic et al. 2006; Ma et al. 2007). It is generally

assumed that plants take up Ge in form of the

uncharged monomeric germanic acid (Ge(OH)4),

similar to silicon (Si(OH)4). In non-Si-accumulating

dicots a concentration-dependent passive uptake of

Si(OH)4 and Ge(OH)4 by diffusion across the lipid

component of the plasma membrane dominates Si and

Ge uptake. However, in grasses, high levels of Ge and

Si are mainly caused by a metabolically active

concentration-independent uptake mechanisms (Niko-

lic et al. 2006) mediated by various influx- and efflux-

transporters (Ma et al. 2007; Ma and Yamaji 2008;

Mitani et al. 2009; Sparks et al. 2011; Yamaji and Ma

2011; Yamaji et al. 2012) that seem to be not able to

distinguish between Si and Ge.

After taken up by plants the Si and Ge are

transported along with the transpiration stream into

stems and leaves where Si precipitates. It precipitates

as amorphous silica bodies and as amorphous Si-plates

commonly known as plant opals or phytoliths (Blecker
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et al. 2007). Silicification occurs in the endodermis

part of the root of Gramineae during maturation (Perry

and Lu 1992; Sahebi et al. 2015; Kumar et al. 2017a).

The phytoliths in grasses are embedded in the

epidermal layer in form of silica bodies and often

arranged in parallel rows by combining different cells

(Piperno 2006; Kumar et al. 2017b). Although silici-

fication does occur in other tissues, phytolith density

tends to be highest in leaves implying that the

formation of biogenic silica is commonly associated

to the end of the transpiration stream. The form of

phytoliths is influenced by the species, the climate and

the biological environment (Piperno 2006). Mono-

cotyledons often form species-specific silica bodies.

They occur in various forms (dumbbell-shaped,

oblong, butterfly-shaped, club-shaped, etc.), reaching

a size of up to 200 lm (Piperno 2006). In addition, a

thin silica layer formed of thin silica plates is located

just below the cuticle of grasses (Yoshida et al. 1962;

Ma 2003; Sato et al. 2017). Although still not clear, the

formation of species-specific phytoliths indicates that

the process of biomineralization is not a simple

precipitation as a result of oversaturation but a

physiologically regulated process (Kumar et al.

2017a, 2019; Soukup et al. 2017). While there is a

large body of literature supporting the importance of

phytoliths in biogeochemical cycling of Si, the

mechanisms of biomineralization and their relevance

for the accumulation of Ge are still not well under-

stood. There appears to be some degree of uncertainty

concerning the importance of fractionation between

Ge and Si during plant uptake and biomineralization.

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). There is a general

consensus that a fractionation of Ge/Si occurs during

the uptake and/or movement of Ge/Si through the root

tissues which supports the use of Ge/Si ratios as a

tracer of biogenic Si cycling in the terrestrial envi-

ronment (Derry et al. 2005). However, until recently

all interpretations from geochemical field studies

available in the literature assume that the Ge trans-

ported to shoots is incorporated in phytoliths without

discrimination of Ge relative to Si at this place. To our

best knowledge there is no report available in the

literature on how much of the Ge taken up is actually

stored in phytoliths. However, if proven, this would

have major implications for our current understanding

of mechanisms and controls on Ge/Si fractionation,

the biogeochemical cycling of Ge, and the interpre-

tation of field data. Moreover, knowledge on metabol-

ically active incorporation of Ge in biosilica has high

relevance for the production of nanostructures suit-

able for optoelectronic applications due to their unique

optical properties (Jeffryes et al. 2008; Qin et al.

2008).

In the present study we conducted a greenhouse

experiment in which Zea mays, Avena sativa and

Phalaris arundinacea, typical grass species (C3 and

C4 representatives) of moist grasslands with high

accumulation potential for both Si and Ge (Wiche and

Heilmeier 2016; Wiche 2016; Wiche et al. 2017) were

cultivated on two substrates with differing plant

available Ge/Si ratios. Specifically, all plant species

were cultivated on sand and on soil. Ge was artificially

added to the plants in order to achieve elevated Ge/Si

levels. In contrast, on substrate for reference plants Ge

was not artificially added which allows to study the

uptake behaviour of plants under more realistic

environmental conditions. After harvest, Ge/Si present

in phytoliths as well as organic plant tissues was

measured. Additionally, plant tissues were prepared

by high pressure freezing of samples and LA-ICP-MS

with the explicit goal to (i) quantify Ge/Si present in

inorganic and inorganic binding forms as well as (ii)

the localization of the elements within the plant

tissues.

Materials and methods

Plant cultivation

All plant growth experiments were conducted under

controlled greenhouse conditions using two different

substrates (sand and soil) and three different plant

species maize (Zea mays), oat (Avena sativa) and reed

canary grass (Phalaris arundinacea).

The sand used in the experiment (quartz sand with

0.1–0.5 mm grain size,[ 95% SiO2) was autoclaved

and washed with 0.2 M nitric acid and deionized water

prior to the experiment to remove particles and

elemental contaminations from the surface of sand

grains. The soil was collected from a naturally grassed

and unfertilized luvisol on the campus of

TU Bergakademie Freiberg, Germany. Covering
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vegetation was stripped off and soil collected from a

depth of 10–20 cm. The soil used in the experiment

was characterized by physical and chemical proper-

ties, typically found in agricultural soils of the

Erzgebirge (Saxony) (Table 1).

Phosphorus was determined by calcium acetate

lactate (CAL) and measured with ICP-MS. Plant

available (mineral) N in soil was calculated as the sum

of NH4
?-N and NO3

--N. NO3
- and NH4

? were

extracted from soil samples with deionized water and

1 M KCl, respectively, and photometrically deter-

mined according to Bolleter et al. (1961) and Hartley

and Asai (1963). K, Mg, Ca and S were extracted by

NH4-acetate (pH 5) and measured by ICP-MS.

Total concentrations of Ge, Si as well as of selected

micronutrients (Fe, Mn, Cu, Zn, Mo) in both substrates

were analysed by fusing with a mixture of

Li-metaborate and Li-tetraborate (1:1) according to

Kurtz et al. (2002) and measured by ICP-MS (Kurtz

et al. 2002; Wiche et al. 2018). Accuracy was checked

by analysis of the geological standards GBW 07406

and GBW 07407 (LGC Standards); results deviated by

less than 10% from certified values.

Additionally, a sequential extraction procedure was

applied to identify potential plant available element

concentrations in the substrates according to Wiche

and Heilmeier (2016). Total concentrations of Ge, Si,

selected micronutrients as well as the distribution of

the elements in potentially plant available soil frac-

tions are presented in Table 2. In both substrates,

concentrations of Ge and Si were close to the crustal

average of 1.6 lg g-1 for Ge (Höll et al. 2007) and

257 mg g-1 for Si (Lane and Burns 1996) and

concomitantly their Ge/Si-ratios were close to the

crustal average of 2.4 lmol mol-1 (Wiche et al.

2018). In both substrates potential plant available

concentrations of Si were similar; however, the sand

was characterized by significantly lower concentra-

tions of available Ge concentrations. Specifically, in

soil roughly 12% of Ge was present in exchangeable,

acid soluble and oxidizable forms as well as non-

crystalline oxides (Table 2) representing important

potentially available element forms in soils (Wiche

et al. 2016, 2018). In contrast, for sand the Ge

observed in these fractions were substantially lower

(1.3%). This experimental design presumes that the

plants on sand were solely dependent on external Ge

inputs, while the plants on soil could access the Ge

present in naturally occurring binding forms (Table 2).

Seeds of maize (Zea mays cv. Badischer Gelber),

oat (Avena sativa cv. Scorpion) and reed-canary grass

(Phalaris arundinacea cv. Lipaula) were surface

sterilized by washing the seeds with 0.5% sodium

hypochlorite (NaOCl) for 3 min followed by carefully

rinsing with deionized water and allowed to germinate

in petri dishes in a climate chamber at 20 �C. After

germination the seedlings of each plant species were

planted in 32 plastic pots (3 L total volume) filled

either with sand or soil substrate. Due to expected

differences in plant size and biomass formation of the

different plant species for oat and maize only one

seedling was placed in each pot, while for reed canary

grass 20 plant individuals were transplanted into each

pot (one pot = one experimental unit (eu)). The pots

were incubated in a greenhouse with a 15-h photope-

riod (15-h day, 9-h night), 18–30 �C (night/day-

temperature), relative humidity 65%, and photosyn-

thetically active photon flux density of

600 lmol m-2 s-1. During a time period of eight

weeks, all plants received weekly 150 ml of

nutrient solutions that contained 4 mM KNO3,

1 mM MnCl2, 3.5 mM NH4NO3, 2 mM Ca(NO3)2,

2 mM CaCl2, 2 mM MgSO4, 1 mM K2HPO4,

5 mM H3BO3, 0.03 mM CuSO4, 0.07 mM ZnSO4,

0.015 mM (NH4)6(Mo7O24), and 1.4 mM ethylenedi-

aminetetraacidicacid-iron (Fe-EDTA). Additionally

to the nutrients solutions, after the first two weeks of

plant growth, the plants on both substrates received

weekly 200 ml of treatment solutions containing

either 5, 10 or 50 lmol L-1 Ge in form of Ge(OH)4

or no Ge as a reference. The Ge concentrations in the

treatment solutions were roughly a factor of 10

Table 1 Basic soil properties and potentially plant available

concentrations of macronutrients in the soil substrate

pH (H2O) 6.2

CEC 9.1 cmol kg-1

SOM 7.6%

N 63.9 mg kg-1

P 50.2 mg kg-1

K 201 mg kg-1

Mg 154 mg kg-1

Ca 2100 mg kg-1

S 452 mg kg-1

CEC cation exchange capacity, SOM: soil organic matter

(measured by loss of ignition)
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(5 lmol L-1 Ge) to 100 (50 lmol L-1 Ge) higher

compared to naturally occurring soil solution concen-

trations (Wiche et al. 2016), and therefore, simulated

experimental conditions of elevated Ge/Si ratios,

while references (0 lmol L-1 Ge) were set up to

simulate natural growth conditions. Ge solutions were

prepared from a 10 mM Ge(OH)4 stock solution that

was freshly prepared by dissolving GeO2 (Sigma

Aldrich) in deionized water. In total during plant

cultivation all plants received 6, 12 and 60 lmol Ge

regardless on which substrates the plants were culti-

vated. In both substrates, Si was not artificially added,

since it was sufficiently available for the plants

(Table 2). The reference plants were not artificially

treated with Ge solutions but were exposed to the

initial Ge/Si concentrations of the substrates (Table 2),

whilst plants treated with Ge solutions were exposed

to artificially elevated Ge/Si-ratios. All treatments

were fourfold replicated in a fully-randomized design.

Shortly after a few plants of A. sativa set seed, all

plants were cut 2 cm above the ground and carefully

washed with 1% HNO3 and distilled water to remove

particles and element contaminations. Each plant of

the 96 pots was separated into roots, leaves and stems.

From each plant the leaves from the bottom, the

middle and the top were carefully mixed to make sure

to get representative samples for each plant. One half

of the samples was freeze-dried and stored at 10 �C
until getting analysed by laser ablation inductively

coupled plasma mass spectrometry (LA-ICP-MS) and

scanning electron microscopy (SEM). The leftover

material of each sample was cooled down with fluid

nitrogen and stored at - 20 �C in the fridge before

being further processed for total element analysis and

the determination of fractions of organically bound Ge

and Ge/Si in phytoliths. Fluorescence microscopy

investigations were performed with fresh plant

material.

Total element concentrations in plants

The frozen plants were dried to total dryness at 60 �C
for 48 h. Nearly half of the dry material was ground to

a fine powder with an ultracentrifugation mill (type

ZM1000, Retsch, Germany). The rest of the dry

material was used for the extraction of phytoliths and

the determination of organically bound Ge (see section

below). A subsample of 100 mg of the fine powdered

Table 2 Total concentrations of Ge, Si, Al and selected essential trace elements in the substrates used in the greenhouse experiment

and concentrations in six operationally defined fractions according to Wiche and Heilmeier (2016)

Substrate Fraction Si (mg g-1) Ge (lg g-1) Ge/Si (lmol mol-1) Al (mg g-1) Fe (mg g-1) Mn (mg g-1)

Soil Total 243.4 ± 10.9 1.79 ± 0.03 2.84 ± 0.06 53.1 ± 2.4 24.6 ± 1.2 5.9 ± 2.0

Fraction 1 0.062 ± 0.009 0.007 ± 0.001 49.9 ± 5.8 0.005 ± 0.001 0.004 ± 0.001 0.051 ± 0.006

Fraction 2 0.054 ± 0.004 0.022 ± 0.001 160 ± 9.8 0.081 ± 0.006 0.019 ± 0.002 0.032 ± 0.004

Fraction 3 0.922 ± 0.043 0.120 ± 0.014 49.3 ± 5.6 1.679 ± 0.194 0.481 ± 0.080 0.389 ± 0.016

Fraction 4 0.611 ± 0.042 0.079 ± 0.007 54.6 ± 9.6 2.968 ± 0.183 6.794 ± 0.370 0.026 ± 0.004

Fraction 5 1.637 ± 0.071 0.049 ± 0.005 11.9 ± 1.5 1.067 ± 0.071 6.216 ± 0.293 0.025 ± 0.002

Residual 240.1 ± 0.820 1.51 ± 0.02 2.44 ± 0.1 47.3 ± 5.2 13.1 ± 1.2 5.4 ± 0.2

Sand Total 264.6 ± 23.3 1.58 ± 0.02 2.31 ± 0.08 13.8 ± 1.7 8.3 ± 1.3 2.6 ± 0.4

Fraction 1 0.057 ± 0.013 \ 0.005 n.a. 0.001 ± 0.002 \ 0.0005 0.004 ± 0.001

Fraction 2 0.078 ± 0.009 0.006 ± 0.002 31.2 ± 2.2 0.009 ± 0.005 0.008 ± 0.002 0.003 ± 0.001

Fraction 3 0.440 ± 0.057 \ 0.005 n.a. 0.014 ± 0.003 0.009 ± 0.003 0.119 ± 0.108

Fraction 4 0.090 ± 0.039 0.015 ± 0.003 73.8 ± 18.8 0.525 ± 0.238 1.043 ± 0.256 0.004 ± 0.003

Fraction 5 0.431 ± 0.256 0.059 ± 0.014 69.5 ± 28.6 0.219 ± 0.128 3.501 ± 0.701 0.016 ± 0.005

Residual 263.5 ± 1.2 1.49 ± 0.04 2.19 ± 0.21 13.0 ± 0.2 3.7 ± 0.4 2.4 ± 0.2

Fraction 1 = mobile/exchangeable elements; Fraction 2 = acid soluble elements; Fraction 3 = elements in oxidizable matter;

Fraction 4 = non-crystalline oxides; Fraction 5 = crystalline oxides. Residual concentrations (Fraction 6) are calculated as the

difference between total concentrations and fractions 1–5

The values are means of 10 replicates for each substrate
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plant material was used for microwave digestion

(Ethos plus 2, MLS) with 3 ml nitric acid and 0.1 ml

hydrofluoric acid (Wiche 2016). Concentrations of Ge

and Si were measured at the Institute of Biosciences,

TU Bergakademie Freiberg, Germany by means of

ICP-MS (Xseries 2, Thermo scientific) with 10 lg l-1

rhodium and rhenium as internal standards. Calibra-

tion solutions (0.01–100 lg l-1) were prepared by

adequate dilution of a multi-element stock standard

solution (Merck). Accuracy was checked by analysis

of the certified reference standards NCS ZC73032

(Celery) and NCS ZC73030 (Wheat; China National

Analysis Center for Iron and Steel 2014); all results

deviated by less than 10% from certified values. The

graphs were created with Origin 2016.

Localization of phytoliths in leaves using

fluorescence microscopy

The distribution of phytoliths in leaves of maize and

oat plants (without artificial Ge treatment) were

investigated on the adaxial site of the leaf. Fluores-

cence microscopy was performed by using a Biorevo

BZ9000 device (KEYENCE) with the filter ‘‘OP-

79304 SB filter DAPI-BP’’ (EX 377 nm ± 25 nm/

EM: 447 nm ± 30 nm). The confocal mode was used

to focus the focal plane of phytoliths. The NaOH-

treatment method based on Soukup et al. (2014) and

fresh leaves were used for the visualization of

phytoliths (pH = 12).

Localization of Ge and Si in leaves using Laser

Ablation ICP-MS (LA-ICP-MS)

For the localization of Ge and Si freeze-dried leaves of

maize and oat plants (reference plants without artifi-

cial Ge treatment and plants treated with

50 lmol L-1 Ge) were fixed on aluminum sample

holders. Laser Ablation Inductively Coupled Plasma

Mass Spectrometry (LA-ICP-MS) was conducted at

the Helmholtz-Center for Environmental Research

using a SpectroMS device (Spectro, Germany) allow-

ing simultaneous detection of several elements. The

laser ablation system consisted of the sample chamber

HelEX II and a 193 nm G2 excimer laser (Teledyne

Cetac, USA). Argon was used as carrier gas at a flow

rate of 1 l min-1. The laser energy was 25% at a

repetition rate of 100 Hz and a fluence of

0.76 mJ cm-2. For the ICP-MS measurement of

elements the following conditions were used: plasma

power 900 W, Coolant flow 12 l min-1, auxiliary gas

flow 2.3 l min-1, total integration time 1000 ms, base

interval 200 ms. The simultaneously monitored iso-

topes were 74Ge, 28Si and 13C, the used spot size for

LA-ICP-MS was 35 lm and the scan speed

35 lm s-1. To account for instrument sensitivity

decrease during analysis, NIST 610 glass standard

was run before and after analysis of a leaf. The relative

change in signal intensity of the NIST 610 was used to

correct signal intensities drift during the analysis.

Signal intensities were recorded as time resolved

signal. All intensity data was treated according to the

following workflow: (1) Normalization to C-intensity

for correction of different sample thickness, (2)

Calculation of relative intensities for 28Si and 74Ge

to be able to compare the data, (3) Subsequently the

analysis time was converted into x–y data using the

laser log file were x–y position and time has been

stored. The conversion was done by IOLITE software

package (version 3.4). The x–y data and relative

intensity data were plotted as 2D map. Maps indicate

always relative intensity data.

Combustion of plant leaves

Prior to the phytolith extraction nickel crucibles

(99.6% Ni) were cleaned with 10% HCl and 10%

H2O2 for 1 h and subsequently heated up to 500 �C in

a muffle furnace for one hour. Dried leaves of each of

the three grasses (reference plants without artificial Ge

treatment and plants treated with 50 lmol L-1 Ge)

were placed inside the crucible and were calcined at

500 �C for 4 h. After cooling down the ash was

transferred into sample tubes by adding 10 ml of

1% HNO3. The sample tubes were slowly shaken for

one hour. The solutions were subsequently filtered

through 200 nm cellulose mixed ester (CME) filter

membranes (MERCK MILLIPORE). Each filter was

washed three times with deionized water. A blank

filter without ash was processed as reference. The

membrane filters with the adhering phytoliths were

dried at 60 �C for 48 h and weighed. After cooling, the

filters of three out of four replicates were placed into

microwave digestion tubes (Ethos plus 2, MLS) and

totally dissolved by using a mixture of HNO3, H2O2

and HF (Wiche et al. 2016). The last remaining filter

with adhering phytoliths was later used for microscopy

and EDX measurements. Concentrations of Si and Ge
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in the resulting solutions and the filtrates were

measured by ICP-MS using 10 lg l-1 rhodium and

rhenium as internal standards.

Microscopy observation and EDX measurements

Structure and elemental composition of phytoliths on

the filters (see above) were explored using scanning

electron microscopy (SEM) and Energy dispersive

X-ray spectroscopy (EDX); a ‘‘FEI Helios NanoLab

600i’’ at the Institute of Experimental Physics, TU

Bergakademie Freiberg, Germany. X-ray microanal-

ysis was performed on the same instrument with an

EDX-detector of EDAX [Apollo X Silicon Drift

Detetector (SDD) Series]. The acceleration voltage

therefore was 10 kV. Following spectral lines were

used: Ge La = 1.186 keV, Si Ka = 1.740 keV,

O Ka = 0.523 keV and C Ka = 0.282 keV. The filters

were fixed directly on the sample holder by using

clamps (no electrically conductive coating). To visu-

alize the surface of leaves the same electron micro-

scope was used. Plant samples were fixed directly on

sample holders with silver conductivity paste.

Statistical analysis

Differences in element concentrations and contents in

the biomass (calculated as biomass 9 concentration)

of a certain plant part among the investigated species

were identified by one-way analysis of variance

(ANOVA) using IBM SPSS Statistics 25. For each

of the analysis, residuals were tested for homogeneity

of variances by using Levene’s test. In case of

significant differences in the variances between the

selected groups a log-transformation was performed.

At variance homogeneity, an ANOVA with a Scheffé

post-hoc test was performed in order to test for

significant differences among the groups at a = 0.05.

In case of no homogeneity in variances between

groups a Kruskal–Wallis test with Bonferroni correc-

tion for multiple tests was used. Differences in

element concentrations among plant parts within a

certain species were identified by a nested ANOVA

with plant parts as paired subgroups within the

investigated plant species followed by a Bonferroni

post-hoc test.

Results

Plant growth and total element concentrations

in different plant parts

Reference plants without artificial Ge treatment accu-

mulated 0.06–1.16 lg g-1 Ge and 1.61–30.2 mg g-1

Si in the plant biomass with highest concentrations of

Ge and in stems of P. arundinacea (Table 3). Com-

pared to Ge, Si concentrations in the investigated

reference plant species was characterized by low

variability among species, particularly in above-

ground tissues. Specifically, considering all species

there were small differences in Si concentrations

between leaves and stems. However, all species were

characterized by significantly higher concentrations of

Si in roots than in shoots. Also, we found no significant

differences in Si concentrations among the investi-

gated plant species, except for the stems. Stems of Z.

mays contained significantly lower concentrations of

Si (1.61 lg g-1), compared to A. sativa (2.42 lg g-1)

and P. arundinacea (3.44 lg g-1). In contrast, the

outcome of the greenhouse study showed marked

differences in the Ge concentrations of different

above-ground parts and this variability in Ge concen-

trations was clearly depended on the investigated

reference species. Ge in roots was not affected by plant

species showing no significant difference among the

species (Table 3). Except for oat, the highest Ge

concentration was found in the stems (Z. mays:

0.84 lg-1; P. arundinacea: 1.17 lg g-1), followed

by roots (Z. mays: 0.62 lg g-1, P. arundinacea:

0.54 lg g -1) and leaves (Z. mays: 0.29 lg g-1; P.

arundinacea: 0.07 lg g-1). In A. sativa the highest

concentration was found in roots (0.62 lg g-1),

followed by leaves (0.33 lg g-1) and stems

(0.16 lg g-1). For Z. mays there was no significant

difference in Ge concentrations between the plant

parts, while the two other plant species showed clear

differences (Table 3). A comparison of Ge concentra-

tions among a certain plant tissue between the species

revealed significant differences in the Ge concentra-

tion in leaves and stems. The Ge/Si ratio in dry

biomass of references ranged from 10.14 to

203.14 lmol mol-1 with significant differences

between the species in leaves and stems. The highest

ratios were found in stems of Z. mays

(203.14 lmol mol-1) and P. arundinacea

(128.36 lmol mol-1).
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Artificial addition of Ge to the plants significantly

increased the Ge concentrations in all plant tissues and

plant species, irrespective the substrate type used for

cultivation (Fig. 1). In all treatment groups (reference

plants and artificial Ge-treated plants) developed

without observable deficiency symptoms, alteration

of biomass formation or signs of Ge-toxicity (see

Online Resource 1). However, compared to plants

cultivated on sand, plants on soil achieved a significant

higher total biomass in all treatment groups with Ge

addition as well as the reference plants (Table 3), most

probably due to unexpected below-ground root-soil-

interactions during nutrient acquisition.

Plants with artificial Ge treatment of 5 lmol L-1

Ge in the treatment solution accumulated

0.76–50.78 lg Ge per experimental unit (eu) in the

plant biomass (Online Resource 1).With artificial Ge

treatment of 10 lmol L-1 Ge 1.06–147.03 lg eu-1

Ge and with 50 lmol L-1 Ge 5.41–431.22 lg eu-1

Ge accumulated in the biomass (Online Resource 1).

The highest Ge amounts in the biomass of roots and

leaves were in all treatments of P. arundinacea on

sand, where as in stems the highest Ge amounts were

found in all treatments of Z. mays. In all plant species

Si was predominantly accumulated in the roots

(0.65–16.32 mg eu-1), irrespective the treatment with

Ge and the substrate used. Also, considering other

plant tissues, the leaves and stems, respectively, an

addition of different Ge concentrations (5 lmol L-1,

10 lmol L-1 und 50 lmol L-1) in the treatment

solution showed no significant effects on silicon

uptake (stems: 0.37–4.63 mg eu-1; leaves:

0.45–3.06 mg eu-1). The concentration of Si varied

from 1.34 to 30.26 mg g-1 with the highest Si values

in the roots (Fig. 1). A significant dependence of Si in

plants on Ge treatment is only apparent in roots (p

value = 0.001) and stem (p value = 0.015) of Z. mays

on sand; stems of P. arundinacea on sand (p value =

0.029) and stems of A. sativa on soil substrate (p

value = 0.009).

However, there were marked differences in the Ge

concentrations in plant tissues of all three plant species

Table 3 Concentration of Ge and Si in different plant parts of soil-grown reference plants (n = 4)

Plant species Plant parts Ge (lg g-1) Si (mg g-1) Ge/Si (lmol mol-1)

Z. mays Leaves 0.291 ± 0.061A 3.757 ± 1.234 36.369 ± 9.292

Stems 0.840 ± 0.434 1.615 ± 0.144 203.145 ± 98.692

Roots 0.513 ± 0.020 8.408 ± 2.117 31.870 ± 12.011

p value 0.319I 0.018I 0.103I

A. sativa Leaves 0.330 ± 0.078A 4.867 ± 2.201 38.027 ± 10.731

Stems 0.156 ± 0.019B 2.417 ± 0.351 26.052 ± 3.826

Roots 0.622 ± 0.113 30.262 ± 10.172 12.087 ± 4.876

p value 0.005I 0.007I 0.053I

P. arundinacea Leaves 0.067 ± 0.004 3.042 ± 0.783 10.140 ± 2.246

Stems 1.166 ± 0.353B 3.442 ± 0.705 128.364 ± 17.855

Roots 0.540 ± 0.055 12.422 ± 3.484 20.238 ± 4.640

p value 0.241I 0.059I 0.008I

p values (species) Leaves 0.013II 0.913II 0.030II

Stems 0.011II 0.031II 0.039II

Roots 0.913II 0.104II 0.234II

Indicated are the mean values ± standard error

Significant differences between the species considering a certain plant part (capital letters) are identified by a Kruskal–Wallis test.

Significant differences between plant parts within a certain species (small letters) were identified by a nested ANOVA followed by a

Bonferroni post-hoc test
IRepeated measures ANOVA
IIKruskal–Wallis test. a = 0.05
A,BSignificant between species
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as dependent on the substrates used showing signif-

icantly higher concentrations of Ge in sand-cultured

plants compared to soil-grown plants. For example, on

sand, Z. mays accumulated significantly higher con-

centrations of Ge in leaves (up to 411.97 lg g-1) and

stems (up to 235.40 lg g-1) than on soil substrate (in

stems up to 32.46 lg g-1; in leaves up to

42.15 lg g-1). The addition of our lowest Ge con-

centration of 5 lmol L-1 resulted in higher Ge

concentration in leaves of A. sativa (76.89 lg g-1)

and P. arundinacea (71.22 lg g-1) on sand substrate

than the addition of our highest Ge concentration in the

treatment solution (50 lmol L-1) in leaves of soil

grown plants (A. sativa: 58.23 lg g-1, P. arundi-

nacea: 37.14 lg g-1). The results for Ge concentra-

tion in dependency on the treatment are significant

within a species at chosen substrate and within all

species in all plant parts with a p value\ 0.001. This

also applies to differences among the soil-grown

species.

In contrast to Si, Ge was found predominantly

(&80%) in the above-ground biomass showing

decreasing concentrations in the order

leaves[ stems[ roots. Due to addition of

50 lmol L-1 Ge in the treatment solution the con-

centrations of Ge led to maximum concentration of

sand-grown plants (leaves: 411.97–666.75 lg g-1,

stems: 235.40– 403.55 lg g-1; roots: 16.95–

59.29 lg g-1). Also, the addition of Ge concentra-

tions of 5 and 10 lmol L-1 showed increased Ge

concentrations in the plant tissue. Since Si concentra-

tions in the growth media were not changed by the

addition of Ge, increasing the uptake of Ge in the

plants also led to significantly increasing Ge/Si-ratios

showing a maximum of 7.28 9 104 ± 1.25 9 104

lmol mol-1 in Z. mays, 6.11 9 104 ± 2.08 9 104

lmol mol-1 in A. sativa and 4.14 9 104 ±

4.16 9 103 lmol mol-1 in P. arundinacea (Fig. 1)

at 50 lmol L -1. Compared to the reference plants

without Ge-treatment this represents an increase in the

Ge/Si ratios roughly by a factor up to 2300 for Z. mays

and P. arundinacea (Fig. 1). Even an artificial Ge

addition of 5 lmol L-1 lead to an increase in the Ge/Si

ratio by a factor up to 200 in leaves of sand-cultured

Fig. 1 Concentration of silicon (Si) (a, d, g) and germanium

(Ge) (b, e, h) and Ge/Si ratios (c, f, i) in roots, stalks and leaves

of three grass species which have grown on two different soils

(sandy soil and typical soil) by adding germanium (germanium

concentration of 5, 10 or 50 lmol L21 in treatment solution).

Each bar represents the mean of four replicates plus standard

error (n = 4)
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plants. It has to be noticed that due to species-specific

differences in biomass production the total amount of

Ge and Si taken up by the plants varied between the

species. As a result, with regard to the treatment with

50 lmol L-1 Ge, sand-cultured plants of Z. mays

accumulated significantly higher amounts of Ge

(0.45 mg Ge) in the above-ground biomass than plants

of A. sativa (0.17 mg Ge).

Localization and chemical characterization of leaf

phytoliths

Investigations by fluorescence microscopy and scan-

ning electron microscopy (SEM) were performed to

investigate the location of vascular bundles in leaf

tissue and the shape and position of phytoliths. The

vascular bundles of grasses run longitudinally and

parallel to one another, they are connected by weaker

transverse bundles (anastomoses). Phytoliths are

arranged in parallel rows and situated along the leaf-

veins, mostly at the main veins. In Zea mays the largest

number of dumbbell and four-leaf clover-shaped

phytoliths arranged along the veins, some along small

veins and intercostal regions. The phytoliths of Z.

mays were well visible with SEM because they are

situated directly at the surface (Fig. 2a). In contrast,

Avena sativa had long elongated silica bodies, but only

the trichomes stand off the surface (Fig. 2b). To make

the phytoliths visible, fluorescence microscopy was a

suitable method (Fig. 2c, d). The phytoliths of A.

sativa were partly arranged in a simple row or in pairs

of two rows. The arrangement of phytoliths in

P. arundinacea is not shown because they resemble

A. sativa.

For detailed investigations on the structure and

chemical composition of the phytoliths, the plant

leaves of maize, oat and reed canary grass were burned

in order to separate the phytoliths from surrounding

organic cell structures and single phytoliths were

analyzed by SEM and EDX (Fig. 3). The amount of

ash was determined: Z. mays 8%, A. sativa 15%,

P. arundinacea, 10%, respectively. Unfortunately, as

a result of the combustion process we observed that the

oxidation of carbon cellular compounds was not

completed and therefore the ash still contained some

black residues, mostly around the vascular bundles of

the leaf. An extension of the combustion time to 4 h

did not cause any change.

Scanning electron microscopy (SEM) revealed that

the washed ash residues consisted of plate-like silicas

Fig. 2 Silica bodies in plant material (top view on leaf).

a Scanning electron microscopy (SEM) picture of dumbbell and

four-leaf clover-shaped phytoliths at the surface of a Zea mays

leaf. b SEM picture of the Avena sativa leaf surface. Only barb-

shaped trichomes (double-breasted) are visible. c Fluorescent

microscopic image: Parallel arrangement of phytoliths and

trichomes in Avena sativa leaf (NaOH treatment for 10 min,

excitation time: 1/20 s), d Fluorescent microscopic image: phy-

toliths and trichomes of picture (c) in detail (NaOH treatment for

10 min, excitation time: 1/9 s)
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and species-specific phytoliths and trichomes (Fig. 3).

Silica plates are normally located at the leaf surface,

covered by organic material. SEM measurements

demonstrated that the silica plate layer in Z. mays was

around 300–400 nm thick (thickness measurement is

not shown in the SEM) and directly connected to the

dumbbell and four-leaf clover-shaped phytoliths with

a size of 15–20 lm (Fig. 3a). The plates of maize were

plugged into each other like a puzzle (Fig. 3b). In A.

sativa the silica plate layer was around 360 nm thick.

The rod-shaped phytoliths with a size of 100–110 lm

were not connected to the silica plates, only to barb-

shaped and angled silica trichomes (Fig. 3c). The

silica layer of P. arundinacea was 290–300 nm thick.

Similar to A. sativa, the rod-shape phytoliths (size

around 40 lm) were not connected to the silica plates.

We investigated all plant species at Ge treatment of

50 lmol L-1 and the reference plants and found no

differences in the shapes and distribution of phytoliths.

Figure 3 shows the representative results for plants

with Ge treatment of 50 lmol L-1. EDX measure-

ments of the same samples confirmed that solid

material consisted of Si; however, we found no atomic

X-ray signal for Ge taking account an absolute

detection limit of 1 atom%.

Localization of Ge and Si within the plant leaves

LA-ICP-MS measurements were performed with

leaves of Z. mays and A. sativa, including those plants

growing on soil substrate without Ge addition (refer-

ence) as well as plants treated with 50 lmol l-1 Ge on

sand in order to measure the distribution of Si and Ge

in the leaves. Plants of sand substrate were chosen due

Fig. 3 Scanning electron microscopy (SEM) images of plant

biosilica (ashed leaves, cleaned). The plants growing on sand

substrate with a Ge concentration of 50 lmol L-1 Ge in the

treatment solution. Asterisks mark the position of performed

energy dispersive X-ray spectroscopy (EDX) measurements.

The EDX spectrum is shown on the right side of SEM image.

a Two dumbbell-shaped phytoliths of Zea mays embedded in

silica plates. b Toothing of maize silica plates. c Phytoliths of

Avena sativa with barb-shaped trichomes (in front). Silica plates

are in the background. d Oat silica plates with connection.

e Elongate phytoliths and silica plates of Phalaris arundinacea.

f Connection of reed-canary grass silica plates
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to higher Ge contents in the leaves (Fig. 1). The

highest concentrations of Si were observed to run in

parallel rows along the leaf axis with low Si signals

between the rows (Fig. 4). Therefore, the high

concentrations of Si coincide with the distribution of

phytoliths within the leaves (see also Figs. 2, 3). In

contrast to Si, in both plants, the reference plants and

plants treated with 50 lmol l-1 Ge solutions, respec-

tively, Ge was detected in a markedly different pattern,

particularly in reference plants with low Ge concen-

trations (Fig. 4, see also Table 2). Specifically,

compared to Si, Ge did not occur in parallel rows

but was equally distributed over the whole leaf area

without observable relation/coherency to/with Si.

Fig. 4 2D-maps show the distribution of Ge and Si in leaves of

Zea mays (a–d) and Avena sativa (c–h) by laser ablation

inductively coupled plasma mass spectrometry (LA-ICP-MS)

measurements. Relative intensity data of 74Ge (left) and 28Si

(right) from same measured position are given. (a, b, e,

f) reference plants without artificial Ge treatment. (c, d, d g,

h) plants treated with 50 lmol L-1 Ge
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There were also no observable differences between the

plant species, except for the size of the Si-containing

stripes, most probably originating from the differences

in the size and form of phytoliths (see also Fig. 2).

Application of 50 lmol L-1 Ge to the sand

cultured plants substantially changed the pattern of

accumulation in the plants (Fig. 4). Besides of a large

portion of Ge equally distributed over the leaves, in

these samples highest concentrations of Ge occurred

in parallel rows as it was observed for Si. However, we

could clearly show that these Ge-containing stripes did

not spatially overlap with the Si measured in the

plants. Light microscopic observations clearly indi-

cated that the Ge present in rows was located close to

the vascular bundles and not in the phytoliths (data not

shown here).

Distribution of Ge and Si in phytoliths and other

organic tissue compounds

Figure 5 shows the amounts of Si and Ge present in

organic (oxidizable) binding forms and biogenic

silica. In reference plants 116.10 ± 51.74 mg g-1 Si

and 11.61 ± 4.21 lg g-1 Ge were determined in the

dissolved ash/liquid phase, while 282.43 ±

81.18 mg g-1 Si and 2.67 ± 2.08 lg g-1 Ge were

present in the biosilica. Addition of Ge (50 lmol L-1)

increased the total amounts of Ge in the samples but

the distribution of Ge between biosilica and the

organic material remained nearly constant: 93.36 ±

31.85 mg g-1 Si and 13,457.44 ± 5109.78 lg g-1

Ge were determined in the dissolved ash/liquid phase,

while 159.70 ± 32.62 mg g-1 Si and 660.38 ±

393.00 lg g-1 Ge were present in the biosilica. In

reference plants 72.7 ± 5.2% of the present Si con-

centration was fixed as biosilica, while only

14.4 ± 4.5% of Ge were embedded in biosilica. In

50 lmol L-1 Ge treated plants the value was

69.0 ± 5.0% of the present Si and 3.9 ± 1.1% of Ge

(Fig. 5).

Nevertheless, addition of Ge to the treatment

solution led to high Ge/Si ratios (94.59–

9136.04 lmol mol-1) in phytoliths due to the addition

of germanium (Online Resource 2). In contrast, the

phytoliths of reference plants of Z. mays, A. sativa and

P. arundinacea show Ge/Si ratios in phytoliths in the

Fig. 5 Accumulated content of Si (a) and Ge (b) in biosilica of

(ashed) grass leaves (maize, oat, reed-canary grass). Data of

reference plants without artificial Ge treatment and plants

treated with 50 lmol L-1 Ge are shown as well as the soil type.

Note the logarithmic scale of (b). In contrast to silicon, which is

predominantly incorporated in biogenic opal, only a small

amount of germanium is accumulated in the amorphous phase
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range of 0.83–7.96 lmol mol-1. However, the values

are not comparable because of different environmental

conditions and other plant species.

Discussion

Uptake and accumulation of Ge/Si in different

plant tissues of the three investigated grass species

As for every other element uptake and accumulation of

Ge and Si from soil in plants depends on its availability

in soils influenced by the mobility and chemical

speciation in the rhizosphere as well as physiological

traits targeting a chemical form for uptake und

translocation. Additionally, to a passive movement

of elements through diffusion and mass-flow occur-

ring in all plants, in species from the functional group

of grasses several aquaporin-type transporters have

been described (Tensho and Yeh 1972; Ma 2003;

Mitani et al. 2005, 2009; Ma et al. 2007; Yamaji et al.

2008; Tamai and Ma 2003; Yamaji and Ma

2009, 2011; Pontigo et al. 2015) mediating active

uptake and translocation of Ge and Si from soil

solution. As a consequence, grasses are often consid-

ered as accumulators of Si and Ge (Wiche et al. 2018),

which is in good agreement to the outcome of the

present study, where reference plants on soil (without

Ge addition) were characterized by Ge and Si with

concentrations a factor of 10–100 higher compared to

non-Si-accumulator species described in the literature

(Wiche et al. 2018). The treatment of plants with Ge in

form of Ge(OH)4 led to a nearly linear increase of the

Ge concentrations (Fig. 1) in all species and on both

substrates sand and soil, respectively, showing

increasing concentrations in plant tissues in the order

roots\ stems\ leaves (Fig. 1). The linearity

observed on both substrates indicates a non-saturable

uptake kinetics and preferred translocation and

sequestration of Ge in the shoots. Concomitantly with

increasing Ge concentrations we observed decreasing

concentrations of Si in roots of soil and sand grown

plants, indicating a competition of Ge and Si during

uptake as already described by Rains et al. (2006) and

Nikolic et al. (2006). It has to be noticed that this

pattern was only observable in the roots without

effects in the leaves and stems, suggesting that the

competition predominantly takes place during the

uptake in root cortex cells rather than during xylem

loading and root–shoot transfer. Moreover, it is

reasonable that the Ge supplied to the plants influ-

enced the formation of the casparian band through

formation of complexes with phenolic compounds

(Fleck et al. 2015).

In all investigated plant species and both substrates

total amounts of elements taken up by the plants

(calculated as product of concentration and biomass)

strongly corresponded to plant growth and biomass

formation with accumulated amounts of Ge and Si

decreasing in the order Z. mays, P. arundinacea[A.

sativa (Online Resource 1). The shoots of soil-grown

reference plants (in contrast to plants cultivated on

sand) accumulated 1.13 lg Ge and 6.45 mg Si (Z.

mays), 0.45 lg Ge and 4.6 mg Si (P. arundinacea) and

0.07 lg Ge and 0.83 mg Si (A. sativa). As a compar-

ison amounts of elements sequestrated in belowground

plant parts (roots) were 0.53 lg Ge and 8.66 mg Si in

Z. mays, 0.77 lg Ge and 17.77 mg Si in P. arundi-

nacea and 0.07 lg Ge and 2.64 mg Si in A. sativa,

respectively. Surely, root concentrations are often

strongly biased by adhering soil particles; however,

these results highlight the species-specific differences

in elemental accumulation among the investigated

species, particularly in aboveground plant parts.

In sand cultures the experimental design allowed to

calculate the percentage of Ge taken up by the plants

from the watering solutions which was 10.7 ± 0.9%

(Z. mays), 14.7 ± 1.9% (P. arundinacea) and

4.2 ± 0.5% (A. sativa), irrespective of the concentra-

tions of the treatment solution. This suggests that P.

arundinacea and Z. mays seem to deploy more

efficient uptake mechanisms of Ge than A. sativa per

unit biomass. However, the impact of other below-

ground functional and structural traits involved in Si-

nutrition such as release of root exudates and root

architecture cannot a priori be ruled out. Indeed, in our

experiment A. sativa was characterized by a signifi-

cantly lower root biomass compared to Z. mays

(Online Resource 1) so that a lower element uptake

could simply derive from a lower root surface area of

the A. sativa cultivar. Surprisingly, in reference pots

filled with sand without addition of Ge the plants

showed similar pattern of accumulated amounts of

elements among the different species. This suggests

that all species were able to access sparingly soluble

Ge-bearing mineral phases such as Fe-oxyhydroxides

and secondary clays which were present as impurities

of the sand (Table 2). A comparison of plants
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cultivated on soil with those on sand revealed signif-

icantly lower concentrations in soil than on sand,

except in the reference plants where Ge was not

artificially added (Fig. 1, Online Resource 1). This can

be largely explained by interactions of the Ge in the

watering solution with Fe-oxyhydroxides and soil

organic matter lowering its solubility and therefore

availability to plants (Bernstein 1985; Kabata-Pendias

2010; Wiche et al. 2018).

Overall these results suggest that the mobilization

of Ge together with Si in the rhizosphere is a common

mechanism among grasses to maintain Si sup-

ply.However, differences in the capability to take up

the mobilized elements and transfer it into the shoots

seems to be the critical step determining the distribu-

tion/allocation/accumulation of Ge in different plant

tissues. In sand cultures with high Ge supply we found

highest concentrations in above-ground plant parts,

particularly the leaves of A. sativa (599.2 lg g-1) and

P. arundinacea (666.7 lg g-1) that were roughly a

factor of 1.5 higher compared to Z. mays

(412.0 lg g-1). In contrast, when Ge availability

was low which was the case in soil reference plants,

the pattern substantially changed showing highest

concentrations in stems (P. arundinacea), in roots (A.

sativa) or even similar concentrations in all plant parts

(Z. mays) (Table 3). This result suggests a concentra-

tion dependent distribution of Ge along the shoot axis

due to interactions of Ge with various cell structures.

The rationale behind this contention is that compared

to Si, Ge shows a higher reactivity in terms to forms

stable complexes with many functional groups

(Pokrovski and Schott 1998) and therefore may

interact with cell constituents such as cell walls and

ligands in the cytosol. Therefore these patterns may

depend on a saturation of potential binding sites

needed before the element can be further transported

along the shoot axis with the transpiration stream

(Choi et al. 2013). This is supported by our findings

that root concentrations were similar in all experi-

ments and plant species, while concentrations in

above-ground plant parts varied greatly among species

and the Ge concentrations supplied (Fig. 1; Table 3).

However, since we did not expect these effects, based

on our experimental design our data allows no further

interpretation and following experiments on effects of

root exudates, microbial interactions in the rhizo-

sphere as well as chemical forms of Ge and Si within

the plant are needed.

Chemical binding forms of Ge/Si in grass plant

tissues

Until recently it has been generally assumed that Ge

taken up by plants is transported together with Si to

sites where transpiration takes place and where it is

stored in phytoliths together with Si (plant opal/

biosilica) (Blecker et al. 2007). In fact, the process of

biosilica formation in plants is not yet fully understood

and there still is a debate on whether uncontrolled

changes in solution equilibria at sites of transpiration

are responsible for the polymerization/condensation of

monomeric H4SiO4 or biosilica formation is cellular

controlled by involving specific biomolecules such as

proteins, peptides and polysaccharides. Recently

Soukup et al. (2017) demonstrated the formation of

root phytoliths in Sorghum bicolor which favours the

hypothesis involving cell control instead of an uncon-

trolled spontaneous reaction. In above ground plant

parts, leaves and stems, respectively phytoliths for-

mation may take place in cell walls or cell lumina

(Hodson 2016). Cell wall phytoliths develop through

silica deposits on carbohydrates such as hemicellu-

lose, cellulose, arabinoxylan or callose while phy-

toliths in the cell lumen emerge not in membrane-

bound vesicles, instead, they are filled in by silica

granules in the lumen (Hodson 2016). The chemical

composition of phytoliths may vary greatly in depen-

dence on the processes during formation, plant age and

environmental conditions affecting plant mineral

composition and plant growth (Hodson 2016). How-

ever, there is general consensus that biosilica basically

consists of organic and inorganic constituents (Hodson

2016), predominantly Si(OSi)3(OH) and Si(OSi)4

(Mann et al. 1983). Besides biosilica may contain

also a number of other elements including Ge, Ca, Al,

C (Hodson 2016). However, to our best knowledge

there is no report available in the literature elucidating

the amounts of Ge contained in phytoliths in depen-

dence of the bulk Ge-contents of plants. In the present

study for both investigated plant species (A. sativa and

Z. mays) biosilicification was observed through

microscopy investigations. Reference plants as well

as plants treated with Ge showed phytoliths and silica

plates in their leaves as previously described in the

literature (Twiss et al. 1969; Cheng et al. 2003; Ma

2003; Zhang et al. 2011; Andrade et al. 2014).

Analysis of the elemental composition of the phy-

toliths by EDX revealed a strong signal for Si but no
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signal for Ge in both reference plants and plants

treated with high doses of Ge. It has to be noticed that

the detection limits of this method may be not

sufficient to quantify Ge in phytoliths. However, laser

ablation ICP-MS (LA-ICP-MS) clearly showed that Si

was present in parallel rows along the leaf-axis and

along the previously identified phytoliths, while Ge

appeared unequally distributed in the leaf mesophyll

and bundle tissues. Finally, we extracted the phytoliths

from the leaves by dry ashing method for phytolith

extraction that is commonly used in biogeochemical

research. As a result, we found that relative to the

amounts of Ge and Si taken up by the plants only a

minor fraction was present in the inorganic phytolith

fraction. For maize plant treated with a total of

60 lmol L-1 Ge only 1.8–2.2% of total leaf Ge was

present in phytoliths. In contrast, the extracted phy-

toliths contained 58.5–65.1% Si in the plants proving

that silicification is responsible for the sequestration of

Si in plant biomass, while Ge was mostly present in the

oxidizable organic phase (Table 4, Fig. 5, Online

Resource 2). Indeed, Delvigne et al. (2009) and

Opfergelt et al. (2010) previously demonstrated a

discrimination of Ge and heavy Si isotopes compared

to the more abundant light Si during uptake and

accumulation in plants which may in turn impact the

distribution of elements among different plant tissues

and the composition of phytoliths. Moreover, unlike

Si, Ge shows distinct siderophilic and organophilic

behavior in the environment, mostly due to its ability

to increase the coordination to six and thus higher

reactivity with many functional groups present in plant

tissues. In plant cells myriads of possible binding sites

are present including cell wall components, mem-

brane-bound and free cytosolic proteins, carboxylates,

phenolic compounds and sugars, which may interact

with Ge. Very recently Wang et al. (2018) showed that

Ge taken up by apple leaves is rapidly transferred into

Ge-organic species. Previously, Matsumoto et al.

(1975) and Matsumoto and Takahashi (1976) identi-

fied organic binding forms of Ge in rice plants, most

probably Ge associated to proteins. Possibly after

being taken up and transported to the shoots, Ge in

grasses also interacts with organic cellular com-

pounds, thus leading to a discrimination of Ge relative

to Si during the transport to sites where silicification

takes place. This could explain the disorderly distri-

bution within the leaf tissues and low Ge/Si ratios in

phytoliths compared to the amounts of Ge and Si taken

up by plants.

Surely, the mineral composition of phytoliths may

vary in dependence on mineral composition of plants

and plant age (Kumar et al. 2017a, b). Therefore, we

cannot strictly rule out the possibility that some

phytoliths are formed shortly before shoot senescence

which may differ in their Ge/Si-ratios from those in

mature plants. We emphasize that in soil grown

reference plants the percentage of Ge present in

phytoliths of the flowering plants of A. sativa was

similar to those of Z. mays and P. arundinacea in

vegetative phase (Table 4, Online Resource 2).

However, the processes involved remain unclear and

further research on chemical binding forms of Ge

within plant tissues, substrate specificity of trans-

porters as well as the silicification process during plant

development are needed.

Table 4 Germanium concentration in the amorphous part of the ashed leaves (reference plants without artificial Ge treatment) as

well as percentage of the total Ge amount in the leaf

Species Soil type Ge in the amorphous phase of leaf ash (phytoliths) Ge/Si ratio in phytoliths (lmol mol-1)

lg g-1 %

Z. mays Sand 13.2 33.2 7.96

Soil 0.8 8.6 1.95

A. sativa Sand 0.8 3.5 1.41

Soil 0.5 11.5 2.24

P. arundinacea Sand 0.8 21.5 0.84

Soil 0.5 8.4 0.83
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Implications on the biogeochemical cycling of Ge

and Si

Grasses have an indisputably important role in the

biogeochemical cycling of both, silicon (Si) and

germanium (Ge), since these species widely occur in

many ecosystems and are able to accumulate high

amounts of the elements in their above- and below-

ground biomass (Street-Perrott and Barker 2008;

Trembath-Reichert et al. 2015), highlighting a strong

imprint of plants on the cycling of these elements. The

uptake of both elements from soils depends on their

availability in soil controlled by the mobility and

chemical speciation in soil solution. Although rather

little studied, species-specific rhizosphere processes

may strongly affect the efficiency of plants to access

elements from different mineral and organic soil

phases (Wiche and Heilmeier 2016). Subsequently,

during uptake and translocation a discrimination of Ge

relative to Si occurs leading to very low Ge/Si ratios in

leaf-phytoliths (0.83–1.19 lmol mol-1, reference

plants on soil substrate). These values are in good

agreement with the findings of Blecker et al. (2007)

and Derry et al. (2007) who found Ge/Si ratios

between 0.04 and 0.37 lmol mol-1 in phytoliths of

various grasses cultivated on soil with low availability

of Ge. Compared to the Ge/Si in phytoliths, bulk Ge/Si

in biomass of the leaves of soil grown reference plants

was 10–38 lmol mol-1 and reached up to

200 lmol mol-1 in stems, reflecting the initial Ge/Si

ratios in potentially available soil fractions (Table 2).

However, evidence available from our results

indicates that during soil–plant transfer only a minor

fraction of the Ge taken up by plants is stored in

phytoliths, whereas the major part (67–98% Ge;

Table 4 and Online Resource 2) seems to be retained

in organic fractions. In contrast, most of the Si (71%)

taken up by grasses is sequestrated in phytoliths

(Fig. 5). During plant senescense, the elements are

transferred back to soil through litterfall and are

released from the litter through microbial decompo-

sition (Sommer et al. 2006). Since other mineral soil

phases and phytoliths are much more stable than

organic material it seems reasonable that the organic-

bound Ge pool in soils has a strong imprint on the

cycling of Ge. Particularly in well aerated surface soil

layers phytoliths accumulate over time and form

important biogenic Si and Ge pools (Cornelis et al.

2010; White et al. 2012) characterized by low Ge/Si

ratios.

This may also explain the differences between Si

and Ge in shallow soil solution, forest floor leachates

and organic enriched soil horizons reported by Cor-

nelis et al. (2010) and White et al. (2012) where Ge/Si

ratios were much higher (0.8–3.7 lmol mol-1) com-

pared to phytolith and plant parts. Surely, in our

experiment, we did not focus on element pathways and

the results obtained cannot be directly extrapolated to

field conditions. However, we could clearly demon-

strate that Ge/Si ratios in plant phytoliths do not

quantitatively reflect element uptake and therefore in

biogeochemical research soil organics, the elements

bound herein and interactions between organic phases

as well primary and secondary mineral phases should

be considered.

Conclusions

Plants from the functional group of grasses accumu-

late high amounts of Si and Ge in their biomass. Based

on the chemical similarities between Ge and Si for a

long time it was assumed that Ge taken up by plants

behaves similarly in the plant and is stored in

phytoliths together with Si justifying the use of

phytolith Ge/Si ratios to trace biogeochemical cycling

of Si. However, as a major outcome of our study we

could demonstrate that the major portion of Ge taken

up by grasses is not sequestrated in phytoliths and this

was the case under natural growth conditions as well

as under strongly elevated levels of Ge in the

cultivation substrate. This highlights the role of soil

organic matter on biogeochemical cycling of Ge and

strongly suggests that the use of Ge/Si in phytoliths is

not adequate to evaluate the uptake of Ge in plants.

Thus, in field experiments bulk Ge/Si of plant biomass

as well as in phytoliths must be taken into account to

evaluate the significance of this parameter as tracer of

biogeochemical cycling of Si.
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