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ABSTRACT

Two species of radishes, Raphanus sativus and Raphanus raphanistrum, were grown in the laboratory in the same sub-
strate consisting of a smectite-type clay, which was watered at the beginning of the experience with 50 ml of a solution
containing either none or 1000, 2000 or 4000 mg/L of AgNO;, respectively. Occurrence of the toxic metal in the sub-
strate outlines higher element uptakes by the cultivated species Raphanus sativus than by the wild species Raphanus
raphanistrum, except for the highest degree of Ag pollution. After a one-month growth in the Ag-polluted substrate,
Raphanus sativus was depleted in most of the major, trace and rare-earth elements, except for Al, Fe, Th, Ag and U that
increased in the radishes from substrate polluted by 2000 mg/L of AgNOs, and Sr, Co, Ni, U and Ag that increased in
the radishes from substrate polluted by 4000 mg/L of AgNOs. Raphanus raphanistrum was enriched in all elements
except Si, Na, Rb and K in the polluted substrate. The uptake was monitored by a cation-exchange process in the rhy-
zosphere between mineral particles and the watering solution in the presence of various enzymes with specific activities
that induced a variable uptake with the REEs being even fractionated. These activities most probably depend on com-
bined factors, such as the plant species, and the chemical and physical properties of the substrate. The results obtained
here reveal also that accumulation of nutrient elements and others in the plants is not uniform at a given Ag pollution of
the substrate and therefore at a given Ag contamination in the same plant species.
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1. Introduction

The main anthropogenic source of heavy metals is pres-
ently in the metallurgic activities that often produce
punctual elevated concentrations relative to the natural
background [1]. Not removable by natural processes,
heavy metals persist in the environment for unlimited
periods of time with a tendency to accumulate. Heavy-
metal accumulation raises important questions about
their potential impact on the soil mineral and organic
components, as well as on their uptake by plants that are
grown on metal-polluted soils and are potentially con-
sumed by humans. They exert toxic effects in soils by
contributing to biochemical reactions with the organisms,
the typical responses being growth inhibition, suppres-
sion of oxygen consumption and impairments of the re-
production cycle. Many laboratory studies have been
published in the recent decades to determine the response
of microorganisms to contaminants released into soils by
human activity, e.g., [2-4]. Many of these studies were
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focused on the inhibitory effect including the reduction
of the number, amount and activity of the microorganims,
e.g., [5,6], as well as on the significant reduction of the
microbial activity, its diversity and structure [7-12].
Toxic ions present in soils can affect plants by dam-
aging their root cells, which may lead to an inhibition in
the nutrient transport from soil to root cells. A first-order
consequence of such modifications is the reduction of the
biomass that may also modify the production of either
oxidizing or reducing agents, which, in turn, influences
also the transfer of nutrients from soils to plants. Among
the most studied heavy metals that damage soils are Pb,
Cd and Ag. Anthropogenic sources of Ag, which impact
on plants will be studied here, include Cu, Zn, Sn and Pb
smelters, sewage sludges. It contributes also heavily to
toxic waste of the photographic and imaging industry,
and of electronic and electrical applications [13]. Silver
toxicity has been often determined in aqueous phases; it
depends on the concentration of the free active Ag” ions
[14] that result from mining activity, e.g., [15-17] or from
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city pollutions [18]. Silver ions are well known for their
toxicity with respect to CO, respiration of microbes in
soils: Ag is considered the most toxic metal among
twelve metal sulfides with respect to CO, respiration in
soils [19,20]. Silver sulfate also reduces the microbial
biomass and decreases the denitrification and dehydro-
genase activity in soils [21,22]. According to Brooks et
al. [23] and Andrew et al. [24], an Ag hyper accumula-
tion is defined at 0.1wt% dry matter for most plants.

Despite extensive studies on element uptake and trans-
port in plants, little attention has been paid to their frac-
tionation in bioaccumulation processes. The available
interpretations are also often based on investigations of
plant-soil systems under open-field conditions. Even if
the results of such studies provide useful information, the
reactions between soils, microorganisms and plants are at
times difficult to decrypt because of the complex compo-
sition and structure of the soils that do not allow un-
equivocal interpretations of the interactions, therefore not
being comparable straight to results obtained under other
open-field conditions in other soils, and/or under other
climates.

In a recent study, the element uptake by spinach was
quantified during a three-month growth in an illite sub-
strate under strictly controlled laboratory conditions [25].
The initial taken up of the elements occurred by ion ex-
change and particle-surface modifications, with a major
change in the process after one month of growth, as a
new process, namely ion complexation by interaction
with organics released by the plant roots, was identified.
As this process appeared to have been limited to the par-
ticles directly in contact with root exudates, a way of
continuing this type of experiment was to focus on the
effects of an abnormally high Ag “stress” on the initial
uptake potential of two different species of plants grown
in an identical, well-known mono-mineralic substrate.
The purpose of studying the high Ag contamination was
therefore not on potential applications with environmental
relevance or on an evaluation of possible toxic effects of
the studied vegetables for human consumption.

By carrying out an experiment on element transfers
from a variably polluted, well-identified and homogene-
ous substrate under controlled laboratory conditions, the
assigned goal of the present study is the control of the
impact of the soil mineralogy on the mass transfers. The
choice of pure smectite clay without specific contents of
microorganisms as substrate, instead of a generic soil,
was dictated by its high capacity of ion exchange with its
immediate environment. The purpose was deliberately to
avoid the impact of variations in water supply, soil tex-
ture, pH, temperature, humidity and availability on the
transfer of essential nutrients to plants growing in highly
polluted substrates.

In summary, the aim of this study is an identification
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of how plants take up chemical elements released by the
mono-mineral substrate in a situation of extreme metal
pollution, by focusing strictly on mineral-to-plant ele-
mental transfers. We had not in mind to make an evalua-
tion of the environmental relevance of the experiment as
the type of substrate and the amount of Ag contamination
were chosen to be far from natural conditions. Ultimately,
the study was also not designed and performed to address
biological and metabolic aspects of plants growing on
natural soils in outdoor conditions, but to provide some
understanding on how two different species of plants
select the nutrient and other elements from an extremely
Ag-contaminated mono-mineralic substrate.

2. Description of the Material and the
Analytical Procedure

Two species of radish were selected for the experiment:
the cultivated species Raphanus sativus (called R. sativus
hereafter) and the wild species Raphanus raphanistrum
(called R. raphanistrum hereafter). The Raphanus gender
was selected because it is a fast growing plant, allowing a
rapid turnover in the experiment, and the choice of a wild
and a cultivated species was decided to identify possible
differences in their behavior relative to Ag contamination.
The substrate consists of a sedimentary smectite-type
clay mineral that is known for its specific high capacity
of exchanging elements, such as Na, Ca or Mg and H,O
molecules, temporarily bond in an interlayer position
[26], but also for its lack in soil-type microorganisms. An
additional interest for the use of a smectite as a substrate
is that its potential in elemental exchange does not alter
its crystallographic and constitutive chemical composi-
tion, as only the elements hosted by the mineral interlay-
ers are available for ion-exchange. About 700 grams of
smectite were placed in small pots (10 cm in diameter by
20 cm height) for growth. Approximately 150 radish
seeds were spread on the substrate of each pot. No fertil-
izers were added to the substrate during the experiment,
again not to increase the number of potential interfering
parameters, knowing that smectite-type clay contains
enough P and Ca needed by the plants for the designed
short-term experiment. To avoid any input from rain and
aerosols, the experiment was conducted in the laboratory
under a hood with a laminar flow of filtered air, on the
basis of a weakly watering of the substrate with deion-
ized water to maintain wet conditions. The room tem-
perature was nearly constant at 23°C with a 12-hour cy-
cle of light and darkness. The chemical load of the de-
ionized water was controlled, containing about 50 mg/L
insoluble residue including the organic carbon. The con-
tainers, in which the substrate was disposed and gently
compacted, were washed with dilute hydrochloric acid
and with deionized water before use. Two times four pots
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were prepared for each species, and each sequence of
pots was watered with 50 ml of deionized water contain-
ing either 0 mg/L, 1000 mg/L, 2000 mg/L or 4000 mg/L
of AgNO; before seeding. No other chemical elements
that could have interfered in the plant growth or in the
transfer from substrate to plant were added during the
experiment.

Thirty days after seeding, the plants were in a reasona-
bly good shape and were harvested for chemical analysis.
To constrain best the analytical uncertainty of the results,
the following procedure was designed and applied: 1) the
plants were grown in strictly the same conditions; 2) two
containers of either no or the varied pollution degrees
(1000, 2000 and 4000 mg/L of AgNOs;) for each species
(R. sativus and R. raphanistrum) were systematically taken
into account: 30 - 35 individual plants were harvested
from each container; 3) each batch of 30 - 35 plants from
each container was analyzed independently; and 4) the
results of the two same batches were averaged. The
chemical compositions of the plants reported in the table
represent, therefore, analytical averages of the data from
about 60 - 70 individual plants collected independently at
the end of the growth experiment in two batches from
two containers.

The collected plants were first washed five times with
deionized water. The washing was followed by a mild
ultrasonic treatment in a bath for about 10 minutes to
remove any solid mineral particle that could still adhere
at the surface of the plants after the washing, especially
at the roots. After the ultrasonic treatment, the plants
were washed again with deionized water. The roots of
some of the plants were observed by optical and scanning
electron microscopy for any visible presence of mineral
particles, which was never the case. Alternatively, it can-
not be ignored that an ultrasonic treatment potentially
removes the chemical elements adsorbed at the root sur-
faces. The two approaches having advantages and draw-
backs, the choice was purposely in favor of cleanness
and analytical reproducibility, that is to say in favor of
the gentle ultrasonic treatment. We considered the fact to
lose some information by removing the adsorbed ele-
ments from root surfaces to be less deteriorated than
measuring the potential contribution of unexpected min-
eral particles. Afterwards, each set of plant samples was
prepared for chemical determinations.

The plants were dried at 60°C for 24 hours and
weighed systematically on the same weight in the same
temperature conditions. Then, they were ashed in a Pt
crucible at about 600°C for 45 min. The ash was trans-
ferred into a Teflon® beaker and digested in ultrapure
concentrated HNO; at a temperature of about 70°C for 24
hours at least. The solution was then slowly evaporated
to dryness by closing the beaker. Ten drops of HCIO,
were added afterwards to ensure the complete dissolution
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of any remaining organic matter, and the aliquot was
evaporated again to dryness. The solution for analysis
was prepared by dissolving the dried material in a known
volume of 1N HNO;.

The elemental contents of the plants were determined
using an ICP-AES (JY124 model from Jobin Yvon In-
struments S.A.) for the major elements and some trace
elements (Sr and Ba), and an ICP-MS (XSeries" model
from Thermo Electron Corporation) with a collision
chamber for the other trace elements, including the rare-
earth elements (REEs). Weakly analysis of the GI-O and
BE-N geostandards [27,28] were carried out during the
course of the study for calculation of the analytical preci-
sion that is of £2%, £5% and +10% for the major, trace
and REEs, respectively, with a 2¢ internal standard de-
viation. The individual analytical uncertainty was con-
trolled as precisely as possible by duplicating the whole
analytical procedure in two independent batches of plants
and averaging them. It shall be remembered that the re-
sults were not biased by “soil heterogeneities” as the
substrate consisted, on purpose, of a homogeneous clay-
mineral type. Alternatively, we have postulated that any
heterogeneity of the plants was “smoothened” by the
high number of individuals (60 - 70) taken in two sepa-
rate batches for each species at each pollution degree. Of
course, possible manipulation errors cannot be excluded,
but as they are difficult to quantify as such, we have tried
to address that aspect by analyzing a high number of
plant individuals. As the overall individual uncertainty is
at the level of the analytical uncertainty, it can be as-
sumed that no detectable manipulation mistake occurred
during the experiment.

3. Results

After 30 days of growth, the height of the radish plants
was about 20 cm and the diameter of the leaves about 2
cm. Comparison between density and size of the plants in
each pot showed that addition (called pollution hereafter)
of 4000 mg/L Ag to the substrate caused a reduction of
the number of plants and of the size of the leaves relative
to the plants collected from unpolluted or less polluted
substrate. Metal toxicity may having varied impacts on
plants that depend on the amounts incorporated by the
plants (called contamination hereafter), and therefore on
their ability to adjust to the potential toxicity created by
the abnormal content of Ag, the toxic metal. A routine
evaluation of a metal contamination is the quantification
of the metal added to the soil, if known, that gives its
pollution degree. However, the possibility of a heteroge-
neous distribution of the metal contamination in the soil,
even in an homogeneous substrate such as that used here,
has been envisaged and we have also based the contami-
nation on the amount of Ag incorporated by the plants,
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assuming that a higher Ag uptake (=contamination) cor-
responds to a higher Ag content in the root environment.

On the basis of this approach of the contamination
scale, marked differences for the two plant species are
visible (Table 1). In the case of R. sativus, the highest
uptake of Ag, that is to say the highest contamination in
the plant, occurs at the 2000 mg/L Ag level of pollution,
and surprisingly the lowest at the 4000 mg/L Ag pollu-
tion level. Alternatively, the progressive uptake (=con-
tamination) of Ag in R. raphanistrum follows the in-
creased amount added to the substrate (=pollution) from
1000 to 4000 mg/L Ag. In summary, R. sativus incorpo-
rates 9.8 times more Ag than R. raphanistrum when
grown in the unpolluted substrate, 3.2 times more Ag
when grown in the substrate polluted by 1000 mg/L
AgNOs;, 4.2 times more Ag when grown in the substrate
polluted by 2000 mg/L, and 3 times less Ag when grown
in the most polluted substrate at 4000 mg/L (Table 1).
There is an average of 3 - 4 times more Ag taken up by R.
Raphanistrum from polluted substrate whatever the pol-
lution degree, while the difference was at about 10 times
when grown in the non-polluted substrate. Two prelimi-
nary conclusions of the experiment are that: 1) there is a
specific uptake (=contamination) of Ag by the two spe-
cies of the same plant; and 2) the cultivated species in-
corporates more than the wild species except for the
highest Ag substrate pollution.

3.1. Uptake of Major Elements by the Plants

Addition of 50 ml of a solution containing various
amounts of Ag to the substrate showed that R. sativus
took up less major elements relative to the same species
grown in the unpolluted substrate with the lowest uptake
for the lowest Ag contamination, except for Al and Fe,
which contents increased when the plants were grown in
the polluted substrate (Table 1). The plants grown in the
substrate polluted by an intermediate AgNO; concentra-
tion of 2000 mg/L also took up most Al and Fe (Figure
1(a)).

In the case of R. raphanistrum, the amounts of Si, Na
and K taken up by the plants are systematically less when
Ag pollution increased, therefore when contamination
increased. The other elements were taken up more (Fig-
ure 2(a)). Again when considering the total amounts of
major elements taken up, they were lower in the plants
from polluted substrates than in those from unpolluted
substrate, with a continuous decrease from unpolluted
substrate to the most polluted (Table 1).

In comparing the amounts of the major elements
picked up by both species, the wild species R. raphanis-
trum is systematically taking up less elements than the
cultivated R. sativus, the difference being as much as
16.7% when grown in the substrate polluted by 2000
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mg/L AgNO:;.

3.2. Trace-Element Transfer into the Plants

R. sativus took up systematically less V, Cr, Pb, Rb and
Sr, and more Cu and Ag, when the Ag pollution in-
creased in the substrate (Table 1). For all other trace
elements, the amounts either increased or decreased ir-
regularly in the plants (Figure 1(b)). Also, the systematic
low Rb pick up is negatively correlated with the Ag addi-
tion to the substrate, and the reverse can be observed for
Sr. The trace elements picked up by R. raphanistrum are
systematically higher when grown in the polluted sub-
strate, except for Rb and Cr in one case (Table 1; Figure

2(b)).

3.3. Contents of Rare-Earth Elements in the
Plants

The total concentration of REEs increased systematically
in R. sativus grown in the polluted substrate. The REE
content was almost 12 times more in the plants grown in
the substrate polluted by 2000 mg/L. AgNO; than in the
plants grown in the unpolluted substrate. At the highest
AgNO; pollution of 4000 mg/L, the REE contents were
lower by about 34%. Normalization of the REE contents
of R. sativus collected from each substrate, relative to
those of the unpolluted smectite substrate, provide a de-
pleted content in the middle REEs (MREEs) with a posi-
tive anomaly in Eu (Figure 3(a)). Normalized to the REE
patterns of the plants grown in the unpolluted substrate,
the distribution patterns of the REEs in the plants from
polluted substrates with different concentrations of Ag
are quite similar, with an increase in the light REEs
(LREEs) from La to Eu, similar amounts from Eu to Er
and a slight increase for Yb (Figure 4(a)). These patterns
are also characterized by a systematic negative Eu anom-
aly.

The distribution patterns of the REEs of R. raphanis-
trum grown in the polluted substrates are similar to those
of R. sativus (Figure 3(b)) with, however, much lower
contents. Normalization of the REE contents of the plants
collected from each polluted substrate to the REEs from
the same species grown in the unpolluted smectite sub-
strate shows patterns that are again similar to those of R.
sativus, with a significant positive anomaly in Eu. The
patterns are also slightly more scattered than those of R.
sativus (Figure 4(b)).

4. Discussion

Before discussing the changes of the element uptakes by
the two species of radish, it is probably appropriate to
reiterate here the objectives of this experiment. The goal
is the examination of the behavior of two plant species
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Table 1. Chemical composition of Raphanus sativus and Raphanus raphanistrum plants collected from the unpolluted sub-
strate and substrates polluted by 1000, 2000 and 4000 mg/L of AgNQO;. The concentrations are expressed in mg/g of dried
plant for the major elements and in pg/g of dried plant for the trace and rare-earth elements.

Elements Raphanus sativus Raphanus raphanistrum
in mg/e 0 mg/L 1000 mg/L 2000 mg/L 4000 mg/L 0 mg/L 1000 mg/L 2000 mg/L 4000 mg/L
AgNO; AgNO; AgNO; AgNO; AgNO; AgNO; AgNO; AgNO;
Si 0.20 0.07 0.03 0.08 0.13 0.11 0.11 0.11
Al 0.95 0.89 2.51 0.77 0.02 1.16 1.23 0.80
Mg 542 4.62 5.49 4.89 4.24 5.22 4.58 4.84
Ca 18.4 13.3 15.7 18.5 5.14 12.5 12.6 13.5
Fe 0.19 0.13 0.34 0.08 0.01 0.18 0.22 0.15
Mn 0.16 0.10 0.12 0.12 0.03 0.09 0.10 0.07
Na 6.29 5.81 5.34 391 9.55 6.06 4.78 451
K 27.9 20.9 18.4 13.0 39.2 20.6 15.7 16.5
P 7.80 7.45 7.17 7.40 2.65 7.06 6.56 7.46
Total MEs 67.31 53.27 55.10 48.75 60.97 52.98 45.88 47.94
in pg/g
v 3.86 1.33 3.85 2.81 1.18 2.15 6.24 2.58
Cr 1.41 0.75 0.87 1.12 1.15 0.85 1.29 1.62
Co 0.39 0.36 0.43 0.64 0.12 0.33 0.45 0.51
Ni 1.93 1.73 1.69 2.46 0.65 1.72 2.61 223
Cu 5.21 5.45 11.2 5.25 0.90 2.85 6.59 4.00
Zn 184 203 183 175 49.1 174 181 185
Rb 18.4 11.8 8.92 6.58 28.5 15.7 10.1 11.3
Sr 246 182 227 282 57.6 171 180 195
Zr 1.05 0.91 1.79 0.97 bdl 0.91 1.43 1.07
Ba 339 332 346 342 68.2 274 327 329
Pb 95.0 1.18 2.09 12.31 0.03 1.35 3.14 1.06
Th 0.45 0.09 0.58 0.14 bdl 0.26 0.58 0.04
U 0.14 0.13 0.21 0.16 0.03 0.31 0.70 0.33
Ag 0.69 3315 5287 2564 0.07 1032 1236 7483
La 0.30 2.06 4.78 3.21 1.48 3.75 7.10 3.16
Ce 0.57 2.95 8.54 5.56 2.47 5.19 13.0 4.66
Pr 0.07 0.34 0.89 0.59 0.36 0.60 1.28 0.50
Nd 0.27 1.10 2.93 1.96 1.28 1.93 425 1.62
Sm 0.06 0.21 0.53 0.35 0.27 0.29 0.71 0.33
Eu 0.01 0.02 0.06 0.04 0.02 0.04 0.08 0.03
Gd 0.06 0.14 0.38 0.26 0.31 0.23 0.58 0.19
Tb 0.01 0.02 0.06 0.04 0.04 0.03 0.09 0.03
Dy 0.05 0.10 0.30 0.20 0.19 0.17 0.46 0.15
Ho 0.01 0.02 0.06 0.04 0.04 0.03 0.09 0.03
Er 0.03 0.06 0.18 0.12 0.10 0.10 0.27 0.09
Tm 0.004 0.01 0.03 0.02 0.02 0.02 0.04 0.01
Yb 0.02 0.07 0.18 0.12 0.10 0.12 0.27 0.11
Lu 0.003 0.01 0.03 0.02 0.01 0.02 0.04 0.02
Total REEs 1.46 7.16 18.95 12.53 6.59 12.52 28.26 10.93
Si/Al 0.22 0.08 0.01 0.10 0.65 0.09 0.09 0.14
Na/K 0.23 0.28 0.29 0.30 0.24 0.29 0.30 0.27
Ca/Sr 74.8 73.1 69.2 65.6 89.2 73.1 70.0 69.2
K/Rb 1516 1771 2063 1976 1375 1312 1554 1460
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Figure 1. (a) Ratios among the major-element concentrations in Raphanus sativus from AgNQOj; polluted substrates relative to
the same elements in the species from unpolluted substrate; (b) Ratios among the trace-element concentrations in Raphanus
sativus from AgNQO; polluted substrates relative to the same elements in the species from unpolluted substrate. In both cases,

an identical uptake is shown by a ratio of 1.

growing in a homogeneous mono-mineralic clay-type
substrate extremely polluted by Ag. The study was de-
signed to focus on the initial mineral-to-plant elemental
transfers depending on the degree of Ag pollution of the
substrate, and not to address biological and metabolic
aspects of plants growing on natural soils. Providing
some understanding on how two different plant species
select the nutrient elements from an Ag-polluted mono-
mineralic substrate was also among the topics of interest.

Copyright © 2012 SciRes.

The mobility of nutrients from soils to plants generally
depends on the selective pick up by the plants, which in
turn depends on the pH and solubility of the soil minerals,
and more importantly on the activity of the microorgan-
isms that may contribute to the mineral dissolution and
the enzymes to the element transfers. These transfers
were evaluated here for two species of plants that grew in
the same substrate polluted by increasing amounts of
AgNO; by the soil solution, but depleted in microorgan-
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Figure 2. (a) Ratios among the major-element concentrations in Raphanus raphanistrum from AgNOj; polluted substrates
relative to the same elements in the species from unpolluted substrate; (b) Trace-element concentrations in Raphanus rapha-
nistrum from AgNO; polluted substrates relative to the same element concentrations in the same species from unpolluted
substrate. In both cases, an identical uptake is shown by a ratio of 1.

isms during the experiment on the basis of the results by
Semhi ef al. [25]. It was then compared to the amounts of
the same elements picked up by the same plants grown
simultaneously in the unpolluted reference substrate. The
analyzed elements were transferred from substrate to
plant in the following decreasing order: P > K > Ca > Mn
> Mg > Na > Al > Si for the major elements, and Pb > Zn
> Rb > Cu > Sr > Ba for the metals. Pollution of the sub-

Copyright © 2012 SciRes.

Sr

ce elements

strate with 1000 mg/L of AgNO; decreased the uptakes
of Si, Mn, Na, K, Ca, Mg, P and the REEs by R. sativus,
and increased the uptake of most elements picked up by
R. raphanistrum, except Si, K and Na. Addition of 2000
mg/L of AgNOj; decreased the pick up of most elements
by R. sativus, except Al and Fe, while most elements
were taken up in higher amounts by R. raphanistrum,
except Si, Na and K. When the substrate was polluted by
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Figure 3. (a) REE concentrations of Raphanus sativus normalized to the REE concentrations in the smectite substrate of
Semhi et al. (2009); (b) REE concentrations of Raphanus raphanistrum normalized to the same REE concentrations in the

smectite substrate.

as much as 4000 mg/L of AgNO;, R. sativus incorporated
lower amounts of the elements, except Ca which amounts
remained unchanged. For R. raphanistrum, the taking up
of most elements increased in the presence of as much as
4000 mg/L of AgNOs, except Si, Na and K.

4.1. Element Transfers from Substrate to Plants

The amounts of most major and trace elements including
the REEs decreased in R. sativus grown in the less pol-
luted substrate (1000 mg/L AgNO;) compared to the

Copyright © 2012 SciRes.

same species grown in the unpolluted substrate. For R.
raphanistrum grown in the same polluted substrate, the
contents of most elements increased relative to those in
the plants from the unpolluted substrate; Si, K, Na and
Rb decreased. The uptake of the elements by the plants
from less polluted substrate (1000 mg/L AgNO;) de-
pends on the species, one taking up more and the other
less. At the intermediate pollution concentration of 2000
mg/L of AgNO;, the content of most major and trace
elements decreased in R. sativus, except for the increas-
ing Al, Fe, Th, Ag and U, and for the unchanged Mg, Co,
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Figure 4. (a) REE composition of Raphanus sativus from the AgNO; polluted substrates normalized to the REE concentra-
tions in the same species from unpolluted substrate; (b) REE composition of Raphanus raphanistrum from the AgNO; pol-
luted substrate normalized to the REE concentrations in the same species from unpolluted substrate.

V, Nb, Zn and the total REE contents. In R. raphanis-
trum, the content of most elements increased relative to
the same species collected from unpolluted substrate,
except for the decreasing K, Na, Si and Rb. Again the
uptake appears to be species dependent. After addition of
the high Ag pollution (4000 mg/L of AgNO;) to the sub-
strate, the contents of most major and trace elements de-
creased in R. sativus, except for the unchanged Ca, Ba,
Cu and Cd, and for the increasing Sr, Co, Ni, U and Ag
relative to the species from the unpolluted substrate. For
R. raphanistrum collected from 4000 mg/L AgNO; pol-

Copyright © 2012 SciRes.

luted substrate, the contents of most elements increased
relative to those in the same species from unpolluted
substrate, except the decreasing Si, K, Na and Rb.

The response to an increasing Ag pollution obviously
depends on the plant species, R. sativus picking up higher
amounts of Ag at the two lower contamination concen-
trations than R. raphanistrum, which picked up more Ag
at the highest pollution concentration (4000 mg/L of
AgNOs). The highest enrichment in Ag in R. sativus was
observed in the plants collected from substrate polluted
with 2000 mg/L of AgNO; and the highest enrichment in
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Ag in R. raphanistrum was observed in the plants col-
lected from substrate polluted with two times more Ag
(4000 mg/L). This difference in the accumulation of Ag
by two species reflects a variable impact of Ag on their
rhizosphere.

One of the most abundant elements in soils is Si that
has here in the clay substrate an antagonistic behavior
with Al and Fe in R. sativus from substrate polluted by
2000 mg/L of AgNQO;. The higher Al accumulation in the
plants induces a decrease in the mobility of Si, and a
correlative increase in that of Fe and Al relative to the
same elements in plants collected from other substrates.
The content in Fe increased by about 82% and that in Al
by about 165% relative to the same species grown in the
unpolluted substrate. These changes correlate to higher
Ag uptake by the plants. As for R. sativus, the highest
mobility of Al and Fe from substrate to the plants was
found when the substrate was polluted by 2000 mg/L
AgNOs;, whereas the highest Ag accumulation in R. rap-
hanistrum was observed at a 4000 mg/L AgNO; pollu-
tion.

The bioavailability of Al and Fe in the rhizosphere is
influenced by the ionic species and concentrations, which
both depend on pH and chemical composition of root
exudates [29]. Aluminium is soluble and biologically
available in acidic (pH < 5.5) soils and waters: weather-
ing with an acidification to pH below 5.5 increases the
dissolution kinetics of Al. Iron can be picked up from
soil by complexation with organic acids and phenolics in
the rhizosphere, or with phytosiderophores [30]. Also,
microbial production and subsequent degradation of
siderophores may have an impact on the Fe availability
of plants. However, these processes did probably not
occur here due to the lack or limited occurrence of or-
ganic matter in the substrate.

Since heavy metals such as Ag are picked up from
soils and transported to cells via plant-nutrient transport-
ers [31] or membrane channels that are not necessarily
selective, the mobility decrease of most nutrients can
result from an interference between Ag transport and
nutrient uptake. Complexation of Ag with active sites on
enzymes (in the membrane) also alters the membrane
permeability [32]. Silver can block the ion uptake at the
plasma-lemma interface by interfering with cation recog-
nition sites, except the Ca recognition sites. Changes in
pH and reduction-oxidation potential of the rhizosphere
may explain a decrease in the production of ligands and a
reduction in the transfer of many nutrients from soils to
plants. Such possible potential for Ag to block recogni-
tion sites of the plant membranes can be efficiently
traced by comparing the ratios of elements that have
close behaviors, but not necessarily similar contents in
minerals or in a wider sense in soils. This is the case for
K and Rb on one hand and for Ca and Sr on the other.

Copyright © 2012 SciRes.

This differential behavior will be examined below.

The high accumulation of Fe and Al in the plants
grown during this study, either beneficial or toxic, is
probably due to their high content in the clay substrate.
Neither R. sativus nor R. raphanistrum collected from
substrate polluted by 2000 mg/L of AgNO; were charac-
terized by an enrichment in Fe and Al relative to the
same species grown in the unpolluted substrate. This
important availability of Fe and Al may result from a
variation in the biomass and the microbial processes in-
duced by variations in pH, which in turn could have been
induced by increased root exudation of organic acids [33].
There was probably also an important production of spe-
cific ligands in the rhizosphere that facilitated the Fe and
Al transfer from the soil solution to the plants. The high
mobility of these elements in the presence of the Ag
contamination may also result from: 1) a heterogeneity in
the bacterial population combined with the fact that some
microorganic populations could be more resistant to
contaminants especially at the 2000 mg/L. AgNOs; pol-
lution, and 2) a heterogeneity in the produced ligands
specific to the available nutrients. In experiments with
bacteria, mica and feldspar conducted by Barker et al.
[34], there was a direct correlation between the produc-
tion of microbial organic ligand and an increased release
of Si, Al and Fe.

4.2. Selective Elemental Uptake by Plants
Depending on the Degree of Ag
Contamination

The plant selectivity causing element fractionations can
be evaluated by comparing elements that are chemically
similar. In the present case, we have focused on changes
of the Ca/Sr and K/RbD ratios, as well as on the REE dis-
tribution (Table 1). Changes in the take up selectivity of
plants as a result of the presence of contaminants in soils
have an economic impact in agricultural production when
occurring to plants grown for human consumption. Rec-
ognition of the potential blocking action of Ag that was
mentioned above raises immediate questions about grow-
ing vegetables in soils variably polluted by heavy metals
and about the necessary uptake of nutrients. The impact
of any metal contamination on the nutrient uptake by
plants can, in essence, be evaluated by examining the
variations of elements chemically similar to major nutri-
ents. The potential of Ag blocking recognition sites of
plant membranes increases the interest of examining the
behavior of such elements. Variable fractionation of REEs
that are also chemically very close provides an additional
interesting control of the selectivity of plants growing in
soils polluted by Ag, but probably also by other heavy
metals such as Cd and Pb.
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4.2.1. The K/Rb Ratio

The concentrations of K and Rb decreased in R. sativus
grown in the smectite substrates polluted by Ag relative
to the same species from unpolluted substrate. An im-
portant increase of the K/Rb ratio was found for the
plants collected from substrate polluted by 2000 mg/L of
AgNO;, the uptake of Rb being reduced relative to that
of K when the species incorporated more Ag.

In R. raphanistrum grown in all substrates, it can be
seen that, although the decrease in either Rb or K, the
K/Rb ratio increased in the plants grown in the substrates
polluted by 2000 and 4000 mg/L of AgNOs, that is to say
that the ratio increased in the plants when Ag increased
in the substrate, because of a selective uptake of K rela-
tive to Rb. The mobility of both K and Rb was reduced
due to a higher presence of Ag in the substrate, but this
reduction is more important for Rb than for K, as it was
for R. sativus. The K/Rb ratio remained unchanged in the
plants from substrate polluted by 1000 mg/L of AgNQO;,
where the reduction of the K mobility was similar to that
of the Rb. There is no selectivity in the uptake of K and
Rb at this level of pollution. Variations in the ratio only
occurred in the plants grown in the highly polluted sub-
strate, which confirms the impact of contaminants on the
enzymes and the fixation sites of the elements.

4.2.2. The Sr/Ca Ratio

In R. sativus grown in the substrate polluted by 1000
mg/L of AgNO;, the contents of both Sr and Ca de-
creased at the same rate relative to the species grown in
the unpolluted substrate, leaving the Sr/Ca ratio un-
changed. In the same plants from substrate polluted by
2000 mg/L of AgNO; that were contaminated the most
by Ag, the mobility of Sr was reduced relative to that of
Ca, while the Sr/Ca ratio remained unchanged again.

In R. sativus grown in the substrate polluted by 4000
mg/L AgNO;, the Sr concentration increased while the
Ca concentration remained unchanged, which increased
slightly the Sr/Ca ratio. In R. raphanistrum collected
from variably polluted substrate, the contents of either Sr
or Ca increased when Ag contamination in the plants
increased, with more mobility for Sr than for Ca, induc-
ing an increase in the Sr/Ca ratios.

4.2.3. The REE Contents and Distribution

As for elements with similar behaviors, potential clues of
plant-soil interactions can be derived from examination
of both the REE contents and distribution in plants or
parts of plants, relative to the substrate normalized dis-
tribution of each lanthanide, e.g., by Semhi et al. [35]
and references therein. For instance, REE concentrations
in plants are influenced by factors such as the soil min-
eral composition and plant types, the type of enzymes
involved in the element transfers, as well as varied physi-
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cal and chemical parameters (temperature, pH, Eh, solu-
tion composition, ion complexation, soil porosity, micro-
bial activities, etc.) of the soil-plant root environments.

Here, the collected plants have REE distribution pat-
terns relative to their substrate that are characterized by:
1) a more pronounced enrichment in the LREEs than in
the heavy REEs (HREEs), 2) a slightly negative Ce
anomaly, and 3) a significant positive Eu anomaly. Such
fractionations were attributed to variations in the stability
constants of complexation processes involving an inter-
action of the REEs with different ligands. The literature
abounds with studies on REE fractionation due to bind-
ings to different common ligands such as carbonates,
sulphates, phosphates, acetates, oxalates, etc. The readers
may be referred to the works of Evans [36], Cantrell and
Byrne [37], Millero [38], Tao et al. [39], among many
others. The enrichment in LREEs in the plants studied
here can be explained as resulting from high concentra-
tions of low-molecular organic ligands, such as citrates,
malates and oxalates, in the rhizosphere solutions [40-42],
whereas the enrichment in HREEs could result from their
complexation with intrinsic chelators in the xylem.

R. sativus collected from substrates polluted with 1000
and 4000 mg/L of AgNO; was depleted in its overall
contents in REEs relative to that grown in the unpolluted
substrate. The REE transfer to the plants collected from
substrate polluted with the intermediate Ag concentration
of 2000 mg/L, that is to say to the plants that accommo-
dated the highest absolute Ag concentrations measured in
the plants (Table 1), did not change, except for Sm that
was found enriched in the plants. R. raphanistrum from
substrate polluted by 2000 mg/L AgNOs; yield the high-
est REE content relative to that in the substrate. The dis-
tribution pattern of REEs remained almost identical in
these plants relative to that of the plants grown in the
variably polluted substrates. The R. raphanistrum species
takes up more REEs from substrate at a given Ag con-
centration probably due to a higher production of ligands.

All plants have a positive Eu anomaly relative to the
REE distribution in the substrate, except for R. raphanis-
trum grown in the unpolluted substrate. This anomaly
can reflect the Eu oxidation from a 11" state to a 11
state in the rhizosphere and its complexation. In both
cases, the Eu anomaly increases in the plants grown in
polluted substrates relative to those grown in the unpol-
luted substrate. It varies as follows: lowest in the plants
from the substrate polluted by 1000 mg/L AgNO;, higher
in plants from the substrate polluted by 4000 mg/L
AgNO;3, and highest in the plants from the substrate pol-
Iuted by 2000 mg/L. Compared to the other REEs, the
preferential transfer of Eu from substrates to both species
of plants appears to be the highest at a substrate pollution
level of 2000 mg/L, confirming that Ag addition to soils
may not be necessarily toxic or even lethal to plants.
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In a soil environment, the Eu anomaly is commonly
explained in terms of changes in the oxidation-reduction
conditions, since Eu can occur in natural mineral envi-
ronments in both the Eu'™ and Eu™™ oxidation states.
Based on this reasoning, the positive Eu anomaly ob-
served here for the plants implies reduction conditions in
the substrate environment favoring incorporation of Eu in
the Eu™ oxidation state. Since the roots of the plants
were shallowly buried, only within 2 - 3 centimeters be-
low the substrate surface, and the substrate on which the
seeds were spread was only loosely packed, it is difficult
to assert modifications in the oxidation/reduction condi-
tions in the substrate during the period of plant growth.
Also, since both species of radish had the same anomaly
in Eu (about 1.6) relative to the substrate, which was
lower at a pollution level of 1000 and 2000 mg/L of
AgNOs;, the anomaly may reflect the high availability of
Eu in the substrate compared to the other REEs as well as
its mobility from rhizosphere to the roots through pref-
erential active sites on enzymes, which could have been
modified by the abnormal concentrations of Ag.

The mechanisms by which Eu is enriched could record
a modification in the enzyme activity in conjunction with
a modification in the microorganic populations. These
populations could have been altered by the addition of
Ag to the substrate consequently inducing modifications
in the oxidation-reduction conditions of the root envi-
ronment. Such a hypothesis is supported by a previous
study showing a Gd fractionation relative to the other
REEs reported by Semhi et al. [35] for the two same rad-
ish species grown in different unpolluted clay substrates.
Depending on the active sites of the occurring enzymes
in the rhizosphere, the appropriate enzymes could have
preferentially favored the uptake of one or possibly sev-
eral REEs, and the Ag pollution of the substrate could
have modified the enzyme or microorganic activity.

The increase in the REE contents of both species from
polluted substrates relative to the same species from un-
polluted substrate may result from a progressive increase
in the amount of microorganisms and ligands involved in
the complexation of the REEs that facilitate their transfer
from rhizosphere to the plants. In fact, the fractionation
of the REEs did not change significantly when the
amount of Ag added to the substrates increased. Only the
total amount of REEs transferred to the plants and the
degree of the Eu anomaly changed. This could mean that
the amount of polluting Ag was not determining for the
uptake of REEs, as long as the amount of Ag in the sub-
strate was significant. The mobility of REEs in the plants
may not have changed, and this may be due to the resis-
tance of some microorganism populations to the increas-
ing Ag contamination. In this case, the enrichment in
LREE:s in both species could result from high concentra-
tions of low-molecular organic ligands, the production of
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which being induced by the presence of Ag in the clay
substrate.

5. Conclusions

Variable additions of AgNO; as a pollutant to a substrate
consisting of a smectite clay mineral that is interlayer
expandable and cation exchangeable had varied impacts
on the chemical composition of two species of radish
grown during a laboratory experiment. The highest Ag
uptake was by the cultivated Raphanus sativus, the high-
est “contamination” in the plant occurred at the addition
of 2000 mg/L AgNO; to the substrate and, surprisingly,
the lowest plant contamination occurred at an addition of
the highest AgNO; pollution at 4000 mg/L. The Ag up-
take by the wild Raphanus raphanistrum correlates posi-
tively with the increased addition of Ag, from 1000 to
4000 mg/L AgNO;, to the substrate. The pollution of the
substrate by AgNOj; decreased the accumulation of most
major and trace elements in the cultivated Raphanus sa-
tivus, while it increased their accumulation in the wild
Raphanus raphanistrum.

The transfer of REEs from clay substrate to the two
species of radish was increased by the addition of AgNO;
as a pollutant, whatever the amount. The highest uptake
of REEs occurs at an intermediate addition of AgNO;
(2000 mg/L). The observed positive Eu anomaly in the
REE patterns of the plants could have resulted from site
activity of the enzymes or from microorganisms in the
rhizosphere; it cannot be related to changing oxidation-
reduction conditions in the substrate during plant growth.
The pollution of the substrate by AgNO; did not induce a
significant fractionation of the REEs in both radish spe-
cies, when compared to the REE spectra of the species
grown in the unpolluted substrate.

The experiment showed also that the use of a mono-
mineralic substrate has the advantage to relate strictly the
elemental variations in the plants to the microbiological
activity after seeding, as almost none existed in the sub-
strate before and to the enzymatic activity in the plant. It
also allows discarding external parameters such as the
physical and chemical properties of the soil and the cli-
matic changes. Also, because of the abnormally high
occurrence of AgNO; in the substrate, changes in the
elemental complexation and modification of enzyme ac-
tivity could have occurred, potentially explaining the
selective uptake of some elements and the changes in the
element mobility in the two species of radish.
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