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Abstract

Aims With a high growth rate and biomass production,
bamboos are frequently used for industrial applications
and recently have proven to be useful for wastewater
treatment. Bamboos are considered as Si accumulators
and there is increasing evidence that silicon may
alleviate abiotic stresses such as metal toxicity. The
aim of this study was to investigate the extent of metal
concentrations and possible correlations with Si con-
centrations in plants.

Methods This study presents, for the first time,
reference values for silicon (Si), copper (Cu) and zinc
(Zn) concentrations in stems and leaves of various
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bamboo species grown under the natural pedo-
climatic conditions of the island of Réunion (Indian
Ocean).

Results A broad range of silicon concentrations, from
0 (inferior to detection limit) to 183 mg g ' dry matter
(DM), were found in stems and leaves. Mean leaf Cu
and Zn concentrations were low, i.e. 5.1 mg kg ' DM
and 15.7 mg kg~' DM, respectively. Silicon, Cu and
Zn concentrations increased over the following
gradient: stem base<stem tip<leaves. Significant
differences in Si, Cu and Zn contents (except Zn in
the stem) were noted between bamboo species,
particularly between monopodial and sympodial
bamboo species, which differ in their rhizome
morphology. Sympodial bamboos accumulated more
Si and Cu than monopodial bamboos, in both stems
and leaves, whereas sympodial bamboos accumulated
less Zn in leaves than monopodial bamboos.
Conclusions The findings of this study suggest that a
genotypic character may be responsible for Si, Cu and
Zn accumulation in bamboo.

Keywords Trace element - Silica - Poaceae -
Genotypic variability - Island of Réunion

Introduction

Bamboos are widespread plants belonging to the grass

family (Poaceae). They are commonly found in
temperate, tropical and subtropical regions and widely
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used for industrial purposes, as fresh edible shoots,
making paper, building material and even in medi-
cines. Bamboos are known for their resistance to a wide
range of stress factors and their high growth rate and
biomass production, with potential uses in phytoreme-
diation. The PHYTOREM company (France) has
developed BAMBOO-ASSAINISSEMENT® technol-
ogy for wastewater treatment (Arfi et al. 2009). The
company is currently optimizing the phytoremediation
capacity of bamboos under tropical climatic conditions.

The uptake and accumulation of essential nutrients
such as N, P and K are well documented in bamboos
(Embaye et al. 2005; Shanmughavel and Francis
2001), but metal accumulation has been poorly
documented so far. Metals are naturally present in
the pedo-geochemical background of soils at various
levels and many metals are essential to plants, but
they may be toxic at higher concentrations. Metals
accumulate in soil due to anthropogenic contamina-
tion through fertilizer and organic manure applica-
tions, industrial and municipal wastes, irrigation, and
wet and/or dry deposits (Novak et al. 2004; Doelsch
et al. 2010). Phytoremediation techniques have been
put forward as alternatives to remediate metal
contaminated soils, especially agricultural soils
(McCutcheon and Schnoor 2003). One of the limi-
tations of such technologies is the availability of plant
species adapted to specific environmental conditions
and, accumulating and/or tolerant to large metal or
metalloid concentrations in soils (Keller 2005).
Bamboos are potentially good candidates for phytor-
emediation because of their widespread distribution,
their easy and well-known propagation mode, the
broad range of species and their possible additional
use as raw material. To our knowledge, there is no
data available on metal concentrations in bamboos,
especially under natural conditions. In this study, we
focused on the case of copper (Cu) and zinc (Zn), two
metals which may be present at high concentration in
wastewater.

Like many Poaceae species (sugarcane, rice, wheat,
etc.), bamboos are considered as Si accumulators, with
Si concentrations ranging from 3 to 410 mg g~ SiO,
(DM) (Ding et al. 2008; Li et al. 2006). The variability
in Si content in bamboo may be explained by: (i) the
available pool of Si in soil (Henriet et al. 2008; Jones
et al. 1967); (ii) the increase in Si content during
bamboo ageing (Motomura et al. 2002) and (iii)
genetic variability among species. This last point has
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never been studied in bamboos, whereas it may be
important because of the high number of bamboo
species: a total of about 1030 bamboo species (77
genera) are grouped in the sub-family Bambusoideae,
within the family Poaceae. In order to clarify the role
of the species in the Si uptake capacity, data are thus
needed on Si concentrations in bamboos of the same
age and grown in similar soils.

In rice or wheat, there is increasing evidence that
silicon may alleviate metal toxicity (Liang et al.
2007). Several mechanisms have been proposed to
explain the role of Si in metal tolerance, such as
limitation of metal uptake, reduction of root-to-shoot
translocation or changes in metal allocation within the
plant. In bamboos, the role of Si on metal tolerance
has not been investigated. The first step before any
attempt to test bamboos in contaminated soils for
phytoremediation technologies is to investigate, under
natural conditions, the extent of metal concentrations
and possible correlations with Si concentrations in
plants.

The objectives of the present study were to: (1)
determine the variability in Cu and Zn (for the first
time) and Si concentrations between species by
comparing 16 bamboo species grown under similar
environmental conditions, i.e. a volcanic soil on the
island of Réunion (Indian Ocean, France), (2) obtain
reference values for Si, Cu, Zn concentrations in the
different above-ground parts of bamboos and, (3)
highlight the possible relationship between Si, Zn and
Cu in bamboos growing in a natural soil under
tropical climatic conditions.

Materials and methods

Geographical area of the study, soil description
and sampling procedure

Bamboo samples were collected from a 3.5-ha bamboo
nursery in Réunion (Indian Ocean island), France (Mr
Perrussot, Le Guillaume, Saint Paul). 130 different
species have been maintained in this nursery since
1987. The climate is both tropical and oceanic, with
easterly prevailing winds. The studied site (21°03'51 S,
55°19"28 E) is on the west side of the Piton des Neiges
shield volcano, 1035 m above sea level. The mean
annual precipitation is 1700 mm, and the temperature
ranges from 10 to 28°C, with hot and humid summers
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and warm and wet winters. Soil in this area is
classified as a chromic Andosol developed from Piton
des Neiges volcanic material (Raunet 1991).

Sixteen bamboo species belonging to six genera
were sampled in the same field in October 2008.
These bamboos were selected because they may be
good candidates for phytoremediation under tropical
conditions, due to their high biomass production and
good adaptations to tropical climates. Bamboo species
differ the rhizome form, i.e. the underground part
from which roots and shoots grow from nodes.
According to the rhizome morphology, bamboos are
divided into monopodial bamboos with leptomorph
rhizome systems, and sympodial bamboos with
pachymorph rhizome systems (McClure 1966). These
differences in rhizome systems can be regarded as
adaptations to the climatic conditions from which the
bamboos originated: monopodial bamboos are native
to temperate climates and sympodial bamboos are
native to tropical climates (Kleinhenz and Midmore
2001). Ten out of the 16 species were monopodial
bamboos, i.e. Dendrocalamus giganteus, Dendroca-
lamus strictus, Bambusa bambos, Bambusa oldhamii,
Bambusa vulgaris ‘Vittata’, Bambusa multiplex
‘Golden Goddess’, Bambusa multiplex ‘Alphonse
Karr’, Bambusa tuldoides, Gigantochloa sp. ‘Malay
Dwarf” and Thyrsostachys siamensis; and six were
sympodial bamboos, i.e. Phyllostachys aurea, Phyl-
lostachys bambusoides ‘Castillon’, Phyllostachys bis-
setii, Phyllostachys flexuosa, Phyllostachys humilis
and Pseudosasa japonica.

For each species, three different 1-year-old bam-
boo specimens were selected to sample stems and
leaves. Two samples were taken from each stem: one
at the third internode above the soil surface, further
referred to as the “stem base”, and the second at the
tip of the stem, further referred to as the “stem tip”.
For each stem, one bulk leaf sample was taken. A
total of 94 stem samples and 47 leaf samples were
collected.

Soil material and analysis

Soil was sampled under at least one bamboo of each
species. A total of 18 soil samples were obtained by
collecting topsoils (0—25 cm) with a gauge auger and
mixing five replicates for each sample. Only steel or
plastic tools (knife, spade and shovel) were used for
sampling in order to avoid heavy metal contamination.

Soil samples were air-dried, crushed and passed
through a 2-mm sieve before analysis. pHyyater (SO1l/
water ratio=1:5) was measured according to ISO
10390.

For Si and trace element analyses, a representative
soil subsample was ground to 100 um particle size
before digestion. For Cu and Zn analysis, calcination
at 450°C was followed by total dissolution performed
using a mixture of HF, HNO; and HCIO, (ISO
14869-1). For SiO, analysis, complete dissolution
was obtained by alkaline fusion of the soil sample in
the presence of sodium peroxide (AFNOR standard
BP X 30-428).

Phytoavailable fractions of Cu and Zn were
estimated using an extraction method (Collin and
Doelsch 2010). After shaking 50 ml of 1 mol L™
NH4NO; solution and 20 g dry soil sample for 2 h at
30 rpm in a room at 20£2°C, the extracts were
centrifuged at 1000 g for 15 min. The supernatant was
filtered through a membrane unit filter (0.22 pum).

All extracts were acidified with HNO3 and stored
in polyethylene bottles at 4°C before analysis. All
reagents were analytical grade and only ultrapure
water (Purelab Prima plus Classic from Elga Lab-
water) was used. All glass and plastic ware used for
the experiments was previously soaked overnight in
nitric acid and rinsed with ultrapure water. Three
replicates were performed for each sample. Blank
tubes (containing reagent but no soil) were also taken
throughout each procedure.

Silicon and trace element concentrations were then
determined with an inductively coupled plasma-
optical emission spectrometer (ICP—OES Vista-PRO,
Varian, Inc.) with an axially viewed plasma system
and a charge coupled device detector. For quality
control, in-house reference samples and certified
samples (CRM 7001 Light Sandy Soil and CRM
7004 Loam, Analytica) were used every 10 samples
and each measurement was conducted in duplicate.
The detection limits were 0.025 mg.kg ' for Cu and
Zn. The measurement uncertainty was less than 10%.

Plant material and analysis

Stems and leaves were washed with distilled water
and dried at 60°C until constant weight. They were
subsequently mixed, ground and homogenised. Sub-
samples were dried at 80°C until constant weight to
determine the dry weight.
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The plant samples underwent dry mineralisation
for Zn and Cu trace element analyses. During
mineralisation, the Si content was determined by
gravimetric quantification: 500 mg of dried plant
material was placed in a platinum dish and gradually
heated to 500°C. Silica was eliminated in the ash with
HF. The Si weight was determined after cooling. The
ash was dissolved in HCI and the Cu and Zn contents
in the solutions were analysed by ICP-OES. For
quality control, in-house reference samples and
certified samples (Astrasol-Mix, Analytika) were used
every 20 samples and each analysis was conducted in
duplicate. The measurement uncertainty was=+15%.
The quantification limit for Si was 5 mg g .

Copper and Zn concentrations are expressed as
mg kg~' of dry matter (DM) and Si concentrations are
expressed in mg g~' DM SiO, in order to have results
directly comparable with the literature.

Statistical analyses

The Minitab 15.1 software package (Minitab, Inc.)
was used for statistical analyses. Mean concentrations
at the stem base, the stem tip and leaves were
compared using a paired #-test at the 95% confidence
level.

For each plant part, concentrations in the different
species were analysed by ANOVA. We used one-way
ANOVA at the 95% confidence level with bamboo
“species” (16 levels) as the main factor, followed by
Tukey’s post hoc test at the 95% confidence level to
evaluate differences in Cu, Si and Zn concentration at
the stem bases, the stem tips and the leaves. Differ-
ences between monopodial and sympodial bamboos
were analysed using a general linear model with the
type of bamboo as factor (2 levels). Mean concen-
trations from both types (sympodial or monopodial)
were then compared using Tukey’s post hoc test at the
95% confidence level.

Results

Soil

Total Si, Cu and Zn soil concentrations are presented
in Table 1. The mean total concentrations in the soil

samples were 2134233 mg g ' for SiO,, 26.5+
5.8 mg kg ! for Cu and 113+18.2 mg kg ' for Zn,
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and the average soil pH was 6.1+0.3. Within the
study framework, soil variations in Si, Cu, Zn
concentration were reduced, while the coefficient of
variation of concentrations within the sampled area
was of 11% for Si and 21.8% for Cu and 16.2%
(Table 1). The Cu NH4NOgj-extractable fractions
(Cunmano3) Were below the detection limit in all soil
samples and the mean Zn NH4NOj-extractable frac-
tions (Znypano3) were 0.3+£0.23 mg kg_1 (Table 1).

Between plant parts

Table 2 shows the average Si, Cu, Zn concentrations
at the stem base, at the stem tip and in the leaves.
Within the stem, Si, Cu and Zn concentrations
significantly increased from the stem base to the tip.
The mean concentrations at the stem base were under
quantification limit for Si, 3.5 mg Cu kg™ ' and 7.0 mg
Zn kg ', whereas at the stem tip, the mean concen-
trations were 21 mg Si g ', 45 mg Cu kg ' and
14.8 mg Zn kg '. The Si content at the stem tip was
thus more than 4.1-fold higher than at the stem base,
and this difference was greater than that noted for Cu
and Zn: 1.3- and 2.1-fold, respectively. The leaf Si
and Cu concentrations, i.e. 109 mg g ' and
5.1 mg kg ' respectively, were significantly higher
than in the stem.

No correlations between Cu, Zn and Si contents
were found in stems and leaves (R*<0.18). There was
no longer any correlation between the total Si, Cu and
Zn soil concentration and the Si, Cu and Zn plant
concentration (R2<0.2), or between the Znypano3s
fraction and the Zn plant concentration (R?<0.3) (for
Cu, Cunpanos fractions are below the detection limit).

Between plant species

Mean Si concentrations were significantly different
between species in leaves and in the stem tips
(Table 2). In our study, there was substantial variation
in the Si content range between the 16 species: from
5.7 mg g ' in Phyllostachys aurea to 56 mg g ' in
Bambusa multiplex ‘Golden Goddess’ at the stem tip,
and from 82 mg g ' in Phyllostachys bissetii to
159 mg g in Dendrocalamus strictus in the leaves
(Table 3). We assumed that this wide Si content range
could mainly be explained by the genotypic variation
since both soil and climatic conditions were similar
for all the sampled species.
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Table 1 Characteristics of

the total soil population PHuater SiOzfl Cu tOtﬁll Zn tOt?ill Cu NH4NO3 Zn NH4NO3

(N=18) mgg mgkg  mgkg  mgkg mg kg
Mean 6.1 213 26.5 113 <0.025 0.30
Median 6.0 208 28.2 114 <0.025 0.25
Standard deviation 0.3 233 5.8 18.2 0.23
Coefficient of variation 5% 11% 21.8% 16.2%

a Minimum 5.5 175 13.2 80.2

Data from Doelsch et al. .

(2006) and Collin and Maximum 6.5 254 34.1 142

Doelsch (2010) Mean of Reunion soils® 216 58.2 162 0.02 0.32

Data from Kabata-Pendias Mean of world soils® 20 63

and Mukherjee (2007)

In order to explain the differences in Si content
between species, we first compared Si concentrations
between the two genera Phyllostachys and Bambusa
(data not shown), and the Si concentration was not
significantly different. However, we found significant
differences between sympodial and monopodial
bamboos (Fig. 1), with the Si concentrations being
significantly higher in sympodial than in monopodial
bamboos, both in stems and leaves.

For Cu, differences between species were significant
both in stems and leaves (Table 2). Bambusa multiplex

“Alphonse Kar” had the highest Cu concentration,
with: 7.6 mg kg ' in stem tips, while Phyllostachys
bambusoides “Castillon” had the lowest concentration,
with 2.0 mg kg ' in stem tips, and 3.5 mg kg ' in the
leaves (Table 3). Grouping species by types showed
that Cu concentrations were significantly higher in
sympodial than in monopodial bamboo species, both in
stems and leaves (Fig. 1). The range of Zn concen-
trations in the leaves and at the stem base was broad
and significantly different between species (Table 2).
For example, the Zn concentration in the stem bases

Table 2 SiO,, Cu and Zn concentrations in the different plant parts (N=47). Data are expressed as mg kg ' of dry matter for Cu and
Zn concentrations and mg g ' of dry matter for SiO, concentrations

Number of samples Stem bases Stem tips Leaves
47 45 47

SiO, Mean=standard deviation <QL" 21877 +16 109°+30
Coefficient of variation <QL 785 279
Range 5-12 5-102 23-183
ANOVA Fsprcies - 2.12° 223"

Cu Mean=+standard deviation 3.5%+1.0 4.5°+2.0 5.1°£1.0
Coefficient of variation 28.1 439 18.8
Range 1.8-6.4 1.7-10.9 3.4-7
ANOVA Fsprcies 4.99™" 553" 6.8""

Zn Meanzstandard deviation 7.0°+6.3 14.8°+16 15.7°+5.6
Coefficient of variation 89.5 110 359
Range 1.5-36.7 1.7-87.6 9.8-37.8
ANOVA Fsprcies 473" 1.56N8 2.54"

T<QL: under the quantification limit of 5 mg g™’

" Values followed by same letter within the same line are statistically not different according to Tukey test at the 95% confidence level

One-way analysis of variance and F-test for SiO,, Cu, Zn, concentrations in stem bases, stem tips and leaves relative to the species

factor. NS: not significant p>0.05 Sig.:¥*=P<0.05, *** P<0.001
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Table 3 Mean SiO,, Cu and Zn concentrations in different plant parts in each species. For each species, the sample number is 3. The
type of bamboo is indicated: S: Sympodial bamboo species, M: Monopodial bamboo species

Si0, (mg g 1 Cu (mg kg ™" Zn (mg kg ") Type Species

Stem Stem Leaves  Stem Stem Leaves Stem Stem tips Leaves

bases tips bases tips bases

<5 5.7+1.0 106+1.6 2.3+0.6 3.3+0.8 5.9+0.5 17.0+£8.0 41.0+40.4 15.7+1.3 M  Phyllostachys aurea

<5 18+9.2 110+£0.8 2.5+1.0 2.0£0.3 3.5+0.1 7.243.0 11.1+49 24.1+38 M Phyllostachys bambusoides «
Castillon»

<5 13+4.3  82+2.5 3.8+04 6.5+14 55+0.6 5.0£0.5 13.9+6.6 26.0£10.9 M  Phyllostachys Bissetii

<5 10+2.8 84+3.0 4.8+0.2 3.8+0.8 5.5+0.7 89+1.6 4.2+3.1 143+£3.0 M  Phyllostachys flexuosa

<5 27+15  96+1.7 2.6+£0.5 3.3+09 4.5+£0.6 6.0+0.7 8.0+£2.6 14.5+£1.6 M  Phyllostachys humilis

<5 10+£3.9 113+2.5 3.2+04 2.2+0.3 3.9+03 3.3+1.4 19.743.8 19.5£10.1 M Pseudosasa japonica

<5 28+0.6 140+2.3 5.1+1.8 4.2+0.2 4.0+0.7 6.3+0.1 12.2+0.2 158435 S Bambusa bambos

<5 18+8.1 97+1.4 45409 7.6+1.8 6.2+0.2 4.8+1.1 11.6£57 13.840.7 S Bambusa multiplex « Alfonse
Kar »

55+4.8 56+42 121+2.2 3.1+£03 7.4+£3.0 59+04 24+03 11.7£7.9 134424 S Bambusa multiplex « Golden
Goddess»

<5 13+16 115+3.0 3.9+0.3 4.6+1.1 5.0+04 6.0+0.6 5.7+2.8 132402 S Bambusa tuldoides

<5 15+4.5 75+54 3.5+05 59+£0.7 48+0.8 53+25 9.5+£56 165+58 S Bambusa vulgaris « Vittata»

<5 19+15 95+2.3 3.0+0.4 4.1+0.8 63+1.0 4.1+0.6 103+58 15.8+09 S Bambusa oldhamii

5.5+34 26%7.5 101+2.6 3.7+0.1 4.5+0.2 58+0.2 2.7+14 6.2+1.4 10612 S Dendrocalamus giganteus

<5 17+8.0 159+2.3 4.1+1.0 3.5+14 4.5+0.7 88+3.5 9.1+£0.8 10.7£0.5 S Dendrocalamus strictus

59+2.8 30+6.3 135+2.9 2.6+03 3.2+0.8 5.1+0.2 2.3+0.5 18.5+£24 129442 S Gigantochloa sp « Malay

Dwarf»
6.4+4.7 27+£54 124+1.0 4.4+0.7 49+1.1 44+0.6 21.7+13.2 39.5+36.5 14.6+39 S Thyrsostachys siamensis

ranged from 2.3 to 21.7 mg kg ' in Gigantochloa sp. respect to concentrations in the stem tips was not
“Malay Dwarf” and Thyrsostachys siamensis, respec- significant. Unlike Cu, Zn concentrations in leaves were
tively (Table 3), but the influence of species with significantly higher in monopodial than in sympodial

200 T T T T T 20 T

8 o | J( i o
f 10 |- L | ! = B
| ;i .
150 L 4 a5 | 5
g . 8 L] 4 3t
5 3 3
"o - a a = 25 -
> 100} 2 ° 2 o
E o 6 | : = |
e | E £ 20 L o ! iIEL
o ; 3 8 L £ b
¥ . 2 'l' N gl ol - .
5 4t - b '
a |
50 |- : ? 4 F wl—T |
o Il % | (1] 1 | L 0 1 I 1
S M S M s M s M S M s M s M s M
Stem tips Leaves Stembases  Stem tips Leaves Stembases  Stem tips Leaves
Fig. 1 Comparison of SiO,, Cu, Zn concentrations in stem dashed line), and 25-75% percentile. Whiskers represent the
bases, stem tips and leaves of monopodial bamboos (n=18) and 90th and 10th percentile. Significant differences were deter-
sympodial bamboos (#=29). DM: dry matter. Boxes represent mined by a post hoc comparison of means (Tukey test after
the median (vertical solid line), the arithmetic mean (vertical ANOVA; P<0.05) and are indicated by different letters
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bamboo species. In stems, Zn concentrations were not
influenced by the type of bamboo (Fig. 1).

Discussion
Phytoavailability of Si, Cu and Zn

The mean total SiO, concentration of the soil samples
(213+23.3 mg g ') was similar to the mean Si
concentration previously measured in Réunion soils,
ie. 216 mg gfl (Table 1) (Doelsch et al. 2006). This
volcanic soil contains easily weatherable silicate
minerals due to the presence of poorly crystalline
minerals and particularly very low polymerized
aluminosilicates that may contribute the phytoavail-
able Si pool (Basile-Doelsch et al. 2005).

The mean total Cu concentration (Table 1) was
close to the mean concentration in world soil
(20 mg kg "), but lower than the mean concentration
measured in a set of Réunion soils (Doelsch et al.
2006). The mean Zn concentration was also much
higher than the mean soil concentration given by
Kabata-Pendias and Mukherjee (2007), and slightly
lower than the mean concentration calculated for
Réunion soils (Doelsch et al. 2006). These larger Cu
and Zn concentrations as compared to world soil
concentrations could be explained by the origin of the
parent material: soils formed from the Piton des
Neiges volcanic material are characterised by low
Cr, Cu and Ni concentrations and relatively high Zn
concentrations (Doelsch et al. 2006). Indeed, these
latter authors demonstrated that the natural pedogeo-
chemical background could account for the high Cr,
Cu, Ni and Zn concentrations in Réunion soils. In
spite of these higher average total concentrations, the
Cu and Zn NH4NO;s-extractable fractions were low,
which is consistent with the findings of Collin and
Doelsch (2010), who demonstrated the low phytoa-
vailability of Cu, Cr, Ni and Zn in Réunion soils. The
absence of correlations between Cu and Zn total
concentration in soil and Cu, Zn concentration in
plants (R?<0.2) was thus not surprising and con-
firmed the low phytoavailability of these elements.

Origin of Si variation in bamboos

Silica concentrations in leaves were within the 20 to
410 mg g ' Si range reported in several previous

studies (Table 4). Silicon concentrations in stems
ranged from <5 to 102 mg g ', which is a broader
range than reported in the literature presented in
Table 4 (3-44 mg g '). The mean Si concentration
measured at the stem tip in the 16 species (21 mg g ')
was significantly higher than the concentration at the
stem base (under the detection limit), which is out of
line with the findings of Li et al. (2006). Indeed, at the
stem base in the Moso bamboo stand (Phyllostachys
heterocycla var. pubescens), these authors measured a
concentration of 44 mg g ' Si, whereas they mea-
sured 1.5 mg g ' Si in the stem. However, the exact
locations of the analysed samples corresponding to
“base of the stem” and the “stem” were not given by
Li et al. (2006), thus limiting the possibility of
comparison with our results. Silicon concentrations
thus varied between plant parts, with the accumula-
tion of Si in leaves and a concentration gradient along
the stem. To explain the distribution with the plant,
transpiration has been proposed as the main mecha-
nism for Si transportation and precipitation in
Chinese bamboos (Ding et al. 2008). The evidence
is based on the total silicon content and 5°°Si values,
which both increase from the stem, through the
branches to the leaves. The results of this study are
consistent with the hypothesis of silica being carried
passively through the transpiration stream and being
deposited where water is lost in largest quantities, as
proposed by Ding et al. (2008). However, in an Si
accumulator, it is likely that active silicon distribution
mechanisms in bamboo shoots are also required (Ma
and Yamaji 2008).

In leaves and at the stem tips, there was marked
variation in the Si content between the 16 sampled
species (Table 2). This result is in good agreement
with the findings of Hodson et al. (2005) who showed
that variability in Si content over 735 plant species is
mainly explained by genotypic variation rather than
environment. However, although differences in Si
content between plant families are well known
(Hodson et al. 2005), genotypic variation in Si
concentration within species is less documented. The
effect of genotypic variation has been studied in a few
other plants, particularly in other Poaceae species. For
example, in 52 sugarcane genotypes grown in the
same soil, the shoot Si concentration ranged from 6 to
8 mg g ' (Deren et al. 1993). In rice, the same authors
compared the Si concentration in plants from 18
cultivars grown in greenhouse experiments and in
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Table 4 Inventory of Si data found in the literature

Mean+standard deviation min max Number of samples References
Leaves 94+75 20 410 22 1to6
Leaves of monopodial bamboos 82+14 31 159 13 1-2-3-4-6
Leaves of sympodial bamboos 114+£118 20 410 9 1-5-6
Stems 8+8 3 44 22 1-2-6
Stems of monopodial bamboos 545 2 44 13 1-2-6
Stems of sympodial bamboos 12+10 3 30 9 1-6
Branches 17+4 8 20 8 1-6
Branches of monopodial bamboos 17+5 8 20 7 1-6
Branches of sympodial bamboos 16 1 1
Rhizomes 7+4 3 17 12 4-6
Rhizomes of monopodial bamboos 542 3 9 5 6
Rhizomes of sympodial bamboos 8+4 5 17 7 4-6
Roots 18+22 6 73 9 1-6
Roots of monopodial bamboos 18+23 6 73 8 1-6
Roots of sympodial bamboos 9 1 1

Data are expresses as SiO, mg g ' of dry matter for Si concentrations
1: Ding et al. 2008; 2: Li et al. 2006; 3: Lux et al. 2003; 4: Meunier et al. 1999; 5: Motomura et al. 2002; 6: Ueda and Ueda. 1961

(from Ma and Takahashi 2002)

fields amended with various amounts of Si. The silica
concentration in plant tissues ranged from 3 to
60mg g~ depending on the Si supply, but within each
Si treatment the coefficient of variation due to
genotypic differences was 9 to 17% (Deren et al.
1993; Deren et al. 2001). In field trials, Winslow et al.
(1997) observed differences between japonica and
indica rice cultivars, with mean Si concentrations in
husks of 2 and 1.2 mg g, respectively. In a survey of
about 400 barley species, the Si concentration in grain
ranged from 0 (under the detection limit) to 3.8 mg g’
in hulled barley cultivars (Feng Ma et al. 2003).
However, no significant differences in Si absorption
were observed in three different banana genotypes
grown in hydroponic culture conditions (Henriet et al.
2006). Although genotypic differences in Si content
have been found in other Poaceae species such as rice,
sugarcane and wheat, this is not systematic in all
species and may question the genetic mechanisms that
control Si accumulation in different species.

Si concentrations were significantly higher in sym-
podial bamboos than in monopodial bamboos, in both
stems and leaves (Fig. 1). This is consistent with
findings in the literature (Table 4). For example, higher
Si concentrations were reported in sympodial bamboo
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leaves (114 mg g ') than in monopodial bamboos
leaves (82 mg g ') (Table 4).

There are marked morphological differences between
pachymorph rhizomes (sympodial) and leptomorph
rhizomes (monopodial), but no differences in root
development and nutrient absorption capacity have been
noted between the two types (Kleinhenz and Midmore
2001). Since these authors also reported that at least
80% of the total root biomass is located in the topsoil
(0-30 cm) regardless of the species (Kleinhenz and
Midmore 2001), we assume that roots of both bamboo
types were within the same soil layer, so the character-
istics of the soil in contact with roots were similar.

Differences in Si accumulation may be attributed to
differences in the silicon uptake capacity of roots.
Recently, two genes (Low silicon rice I: Lsil and
Lsi2) encoding silicon transporters were identified in
Japonica rice (Ma and Yamaji 2008). Ma et al. (2007)
have shown that genotypic differences between two
rice species, japonica and indica, were due to the
difference in abundance of Si transporters in rice roots.
Therefore, differences between bamboos species, and
to a further extent between the two types of bamboo
could reflect a difference in expression of genes
responsible for silicon uptake.
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After root uptake, Si is translocated to the shoot via
the xylem. It is likely that transporters are also
required for xylem Si loading and unloading and for
distributing Si to the above-ground plant parts (Ma
and Yamaji 2008). Genetic differences may also be
expressed in the relative distribution of Si in stems and
leaves. For example, Keeping et al. (2009) found that
cultivar differences in sugarcane stalks could be
explained by differing propensities of cultivars to
deposit Si within the stalk epidermis. Active processes
could partly explain differences in Si concentrations
between species, but the understanding of the silica
deposition process and the identification of trans-
porters in plant shoots still need to be studied.

In the above-ground parts of bamboos, Kleinhenz
and Midmore (2001) highlighted that the lifespan of
leaves was substantially different between monopodial
and sympodial bamboos. The canopy of monopodial
species is rejuvenated every year when 2-year-old leaves
are replaced by new ones. Those of sympodial species
remain on culms longer, i.e. up to about 6 years.
Therefore culms of sympodial bamboos of over 2-
years-old contain relatively older and less productive
leaves than monopodial bamboos. Motomura et al.
(2002) reported that in bamboo leaves silica is
continuously accumulated in the tissues throughout
their life. Leaves of sympodial bamboos may therefore
have a higher Si content than leaves of monopodial
bamboos. However, in this study, we only sampled 1-
year-old stems, so the leaf ages should all have been
the same. The differences observed in our study
between monopodial and sympodial bamboos were
thus not related to this character.

Origin of Cu and Zn variability in bamboo

Due to the lack of published Zn and Cu concen-
trations in bamboos, we first compared our results
with another Poaceae species, i.e. sugarcane (stems),
growing in Réunion on similar soils (Collin and
Doelsch 2010). Copper concentrations in bamboo
samples were higher than in sugarcane samples, with
an average of 3.5+1.0 and 4.5+2.0 mg kg ' at the
stem base and tip, respectively (Table 2), whereas in
sugarcane the average was 2.1+0.6 mg kg™ '. Zinc
concentrations in bamboo stems were similar to
concentrations in sugarcane stems, with an average
of 7.046.3 and 14.8+16 mg kg ' at the bamboo stem
base and the tip, respectively (Table 2), and 10+

52 mg k' in sugarcane. We then compared leaf
concentrations with data compiled for mature leaf
tissue from various plant species (Kabata-Pendias and
Mukherjee 2007). The concentration ranges that these
authors considered normal were 5-30 mg kg~ for Cu
and 27-150 mg kg ' for Zn. The concentration
measured in bamboo leaves were within this range
for Cu, with an average of 5.1+1.0 mg Cu kg, and
lower for Zn, with an average of 15.7+5.6 mg Zn
kg™ (Table 2). Cu and Zn concentrations in above-
ground parts of Réunion bamboos were thus relatively
low, which may confirm the low phytoavailability of
these elements measured by NH4NOs-extraction, as
well as the nonspecific ability of bamboos to
accumulate Cu and Zn.

Within the stem, Cu and Zn concentrations, similar
to Si, significantly increased from the stem base to the
tip (Table 2), suggesting that part of this element
translocation was driven by transpiration. However,
metals do not move freely in the plant. Interactions of
cations with negatively charged sites (mainly with
pectins) in xylem or phloem cell walls lead to
decoupling of ion transport and water flow (Franco
et al. 2002). In addition, most metals are complexed
by organic acids, amino acids, peptides, metallothio-
nine or phytochelatin (Cobbett and Goldsbrough
2002; Liao et al. 2000; Broadley et al. 2007). The
greater Zn accumulation at the stem tip as compared
to that of Cu may thus be explained by differences in
the mobility of metal complexes formed within the
plant.

Significant differences between species were mea-
sured for Cu in stems and leaves and for Zn in leaves
(Table 2). This finding is in good agreement with the
study of Broadley et al. (2007) who reported that, in a
dataset of 365 species, there were substantial differ-
ences in shoot Zn content between and within genera
and species. Metal absorption in plants is both active
and passive, and metabolic mechanisms, such as the
expression of specific transporters in root cells, is
genetically controlled and may thus vary between
species. For example, the expression and gene
organization of proton pumping ATPase genes in the
plant plasma membrane seems to differ between
species (Morsomme and Boutry 2000). Moreover,
the availability of elements in the soil and root uptake
can be affected by plant factors such as root exudates,
root surface area, root absorption ability and mycorrh-
ization (Whiting et al. 2000; Langer et al. 2010;
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Keller et al. 2003). For example in rice, Zn uptake
efficiency is correlated with exudation rates of low
molecular weight organic anions and a substantial
proportion of the phenotypic variation in Zn uptake
efficiency is under genetic control (Wissuwa et al.
2006). In wheat, genotypic variations in Zn uptake
may be related to the release of phytosiderophores
(mugineic and avenic acids), which were shown to
significantly enhance Zn bioavailability (Cakmak et
al. 1996; Rengel et al. 1998; Tolay et al. 2001). Thus,
these mechanisms and inherent differences in uptake,
translocation and accumulation may partly explain the
significant differences noted in Cu and Zn concen-
trations among the 16 bamboo species.

Differences between monopodial and sympodial
bamboos were significant for Cu and Zn, but no
information is available in the literature on any
possible specific behaviour regarding metals between
the two types of bamboo. Analyses of the differences
with Si content were discussed above, and may also
apply for Cu and Zn.

Interactions between metals and Si

No correlations between Cu, Zn and Si contents were
found in stems and leaves. In the natural pedo-
climatic environment of Réunion, with a soil having
low NH4NOs-extractable Cu and Zn, the Si and trace
metal behaviours in bamboos seem to be independent.
This could be easily explained since the beneficial
effects of Si are usually expressed when plants are
subjected to stress conditions (Liang et al. 2007). It
has been shown, for example, that Si alleviates Zn
toxicity in heavy metal-tolerant Cardaminopsis halleri
(Neumann and zur Nieden 2001). These authors
suggested that the formation of Zn-silicate com-
pounds in the cytoplasm may be responsible for the
alleviation of the Zn toxicity. In Arabidopsis thaliana,
Li et al. (2008) have shown that Si improves the
resistance to Cu stress. A recent study has shown that
Si modulates the expression of various genes involved
in Cu tolerance in 4. thaliana (Khandekar and Leisner
2011). Our study was not designed to assess the
interaction between Si and metals at the cellular level,
but we can assume that, with such a high Si
absorption capacity in its tissues, bamboo may be
able to tolerate higher metal concentrations than those
present in Réunion soils. However, this would need
further testing with increasing metal concentrations.

@ Springer

In conclusion, we report the first data on Cu and
Zn concentrations in stems and leaves of various
bamboo species and new data on Si in bamboos. Our
results highlight the importance of the variability
between species, particularly between monopodial
and sympodial species for Zn, Cu, and Si contents
in bamboos, suggesting that a genotypic character
may be responsible for their accumulation.
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