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Abstract

This study was undertaken to investigate combined toxic and genotoxic effects of cadmium (Cd) and arsenic (As) on white
clover, a pollutant sensitive plant frequently used as environmental bioindicator. Plants were exposed to soil spiked with
increasing concentrations of cadmium sulfate (20, 40 and 60 mg Kg”) or sodium arsenite (5, 10 and 20 mg Kg’1) as well as
with their combinations. Metal(loid) bioavailability was assessed after soil contamination, whereas plant growth, metal(loid)
concentration in plant organs and DNA damage were measured at the end of plant exposition. Results showed that
individual and joint toxicity and genotoxicity were related to the concentration of Cd and As measured in plant organs, and
that As concentration was the most relevant variable. Joint effects on plant growth were additive or synergistic, whereas
joint genotoxic effects were additive or antagonistic. The interaction between Cd and As occurred at both soil and plant
level. In soil the presence of As limited the bioavailability of Cd, whereas the presence of Cd increased the bioavailability of
As. Nevertheless only As biovailability determined the amount of As absorbed by plants. The amount of Cd absorbed by
plant was not linearly correlated with the fraction of bioavailable Cd in soil suggesting the involvement of additional factors,
such as plant uptake mechanisms. These results reveal that the simultaneous presence in soil of Cd and As, although
producing an additive or synergistic toxic effect on Trifolium repens L. growth, generates a lower DNA damage.
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Introduction ten priority hazardous compounds by the Agency for Toxic
Substances and Disease Registry [8]. Over the last century, their
natural presence on the earth’s crust along with improper
industrial and agricultural practices has led to the pollution of
many areas, which are now of public concern. In fact, since Cd
and As cannot be degraded by living organism, after their natural
or anthropogenic release, they persist in soil and sediments where
they can accumulate up to harmful levels. As consequence,
detrimental effects on life in the environment and on human

The wuse of efficient early warning bioindication systems
represents a powerful approach for assessing and interpreting the
impact of natural or anthropogenic perturbations in soil ecosys-
tems preventing environmental alteration and human disease.

Living organisms provide information on the cumulative effects

of environmental stressors and as such bioindication is comple-
mentary to direct physical and chemical measurements [1]. 7.
repens is a pollutant-sensitive plant, suitable for biomonitoring health are exerted by these two elements directly or indirectly,
campaigns. Specifically, its environmental exposition followed by a through the food chain [9].
DNA analysis with molecular markers allows the detection of sub-
lethal levels of genotoxic compounds in the environment [2].
However, given the limited information available on the joint-
genotoxic-effect of chemicals, the interpretation of biomonitoring
results is often difficult. In addition, most environmental risk
assessments of contaminated lands are currently based on
guideline values derived from the ecotoxicological properties of
specific chemicals, whereas it is well known that environmental
pollutants interact producing additive, antagonistic or synergistic
effects on exposed organisms [3—7]; it is then evident that there is a
clear need to improve the knowledge about the combined effects of
stressors on bioindicators.

In this work we considered the combined toxic and genotoxic
effects of Cd and As, two of the most dangerous pollutants for both
environment and human health. They are ranked among the top

Among the damages induced by As and Cd to living organisms,
genome alteration is one of the most dangerous. Genomic
mnstability is particularly related to cancer induction and progres-
sion in animals and to inhibition of growth and even to death in
plants. In wild and agro ecosystems the presence of genotoxic
compounds significantly reduces the number of species and
decreases the yield and quality of crops [4,10].

Many in vitro and in vivo studies demonstrated Cd and As
induction of micronuclei, chromosomal aberrations, DNA strand
breaks and oxidative DNA base damage [11].

Moreover the two elements are classified as Group 1
carcinogens by the International Agency for Research on Cancer
(IARC). The human exposure to Cd or As has been associated
with various cancers, principally kidney and lung for Cd [12] and

PLOS ONE | www.plosone.org 1 June 2014 | Volume 9 | Issue 6 | €99239


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0099239&domain=pdf

skin, lung, liver and bladder for As [11]. The underlying cellular
pathways leading to cancer are similar for the two metals and
include mechanisms inducing DNA damage, such as oxidative
stress and DNA repair inhibition. Thus the available literature
clear shows that Cd and As are genotoxic compounds and that
they exert their effect even at low concentrations. However most of
this information comes from studies on single chemical whereas no
data are available on their genotoxic joint action. In our
experiment the bioindication system, based on the use of 7.
repens, as bioindicator, and molecular markers, as suitable tool to
detect DNA changes, were used to investigate the combined toxic
and genotoxic effect of increasing concentrations of Cd and As in
soil. Effects were also correlated to the uptake and distribution of
Cd and As in plant organs.

Materials and Methods

Plant bioindicator and experimental design

T. repens seeds cv. Ladino (Ingegnoli, Milan, Italy) were surface
sterilized and directly grown in soil containing 3.0% organic
matter for 30 days.

For the exposition to Cd or As, the nearly 5 cm high plantlets
obtained after 30 days from germination, were transferred to pots
filled with 2.0 kg of soil contaminated with or without (control)
increasing concentrations of cadmium sulfate (20, 40 and 60 mg
Kg ! Sigma, St. Louis, MO) or sodium arsenite (5, 10 and 20 mg
Kg™'; Sigma). Concentrations were defined on the basis of the
results obtained by preliminary trials by which the sensitivity of 7.
repens plantlets to cadmium sulfate and sodium arsenite was tested.

For the joint-exposition to Cd and As, the following 9 soils were
prepared by combining the 3 concentrations of cadmium sulfate
and sodium arsenite, used to prepare soils for the single-
expositions: (1) Cd 20 and As 5 mg Kg™', (2) Cd 20 and As
10 mg Kg™', (3) Cd 20 and As 20 mg Kg™', (4) Cd 40 and As
5mg Kg ™', (5) Cd 40 and As 10 mg Kg ™', (6) Cd 40 and As
20 mg Kg™ !, (7) Cd 60 and As 5 mg Kg~ ', (8) Cd 60 and As
10 mg Kg™', (9) Cd 60 and As 20 mg Kg ™'

For each treatment, three different pots with 15 plantlets were
prepared and placed in a growth room for 2 weeks (25°C; 10 h
dark/14 h light, 150 umol m™ 2 s~ "),

At the end of exposition, plant survival and growth were
determined and RAPD analysis was carried out to evaluate DNA
damage. Three independent repetitions of the entire experiment
were performed.

Plant survival and growth measurements

The assessment of plant survival and plant growth was
performed after exposition. Plant growth was evaluated by
measuring plant organ dry weight (DW): for each treatment the
shoots and roots from 30 plants were placed in a drying cabinet at
40 °C until a constant weight was reached. Statistical analyses
were performed using the GraphPad Prism software for Windows
(version 4.0 GraphPad Software Inc., San Diego CA): ANOVA
and Dunnet or Tukey test were applied to the data when
normality and homogeneity of variance were satisfied. Data which
did not conform to the assumptions were alternatively transformed
into logarithms, or were analysed by Kruskal Wallis non-
parametric procedures.

Analytical methods for metal(loid) quantification

Before plant exposition, the bioavailable fraction of Cd and As
was quantify in control and contaminated soils following the
protocol of Lindsay and Norwell [13]. Briefly, 5 g of soil were
extracted with 10 ml of 5 mM DTPA (Sigma-Aldrich), 0.1 M
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trietanolamine (Sigma-Aldrich) and 0.01 M CaCl, (Sigma-Al-
drich), for 2 h at 20°C under stirring. Samples were then filtered
and metal concentrations were determined by graphite furnace
atomic absorption spectroscopy (GFAAS; AAnalyst600, Perkin-
Elmer). Nine soil samples for each treatment were processed.

Cd and As were also quantified in plant organs applying the
USEPA 3051a protocol. The harvested plants were carefully
washed with tap water and then with distilled water to remove soil
debries before analysis. All the samples were dried at 100 °C
overnight. For each sample 10 mL of HNO3 and 2 mL of HC1IO3
were added to 0.2 g of dry plant matter. The samples were
digested by using the ETHOS HPR 100/10 microwave lab station
(FKV, Bergamo, Italy) reaching the 180°C temperature. After
their complete mineralization, they were opportunely diluted and
analysed by graphite furnace atomic absorption spectroscopy
(GFAAS; AAnalyst600, Perkin-Elmer). Standards (from ENEA
Research Centre, Roma, Italy) and blanks were run with all
sample series for quality control.

Random amplified polymorphic DNA (RAPD)

RAPD technique was used to quantify DNA sequence changes
in test-plants. DNA was isolated separately from shoots and roots
by using DNeasy isolation and purification kit (Qiagen, Italy). The
kit was used to obtain high quality DNA, free of polysaccharides or
other metabolites which might interfere with DNA amplification.
At least three independent extractions were performed for each
treatment.

Extracted genomic DNA and twelve different 10-bp-long
random primers were used in RAPD-Polymerase chain reaction
(RAPD-PCR); the sequences of the primers are reported in Table
S1. DNA amplification was performed in a 20 pl final reaction
volume containing 15 ng genomic DNA, 1 uM primer and 1X
Taqg PCR Master Mix (Qiagen). The RAPD amplification
protocol consisted of an initial denaturing step of 5 min at 95°C,
followed by 45 cycles at 95°C for 30 sec (denaturation), 35°C for
30 sec (annealing) and 72°C for 30 sec (extension), with an
additional extension period of 8 min at 72°C. DNA amplification
products were separated on a ethidium bromide-stained 2.0% high
resolution agarose gel (Sigma-Aldrich), using a Tris-borate-EDTA
(TBE) buffer (90 mM Tris base, 90 mM boric acid and 2 mM
EDTA). Three independent replicates were performed for each
sample.

Visual inspection under UV light of the resulting gels, allowed
for scoring of polymorphic bands. For statistical analysis, each
RAPD band detected after electrophoresis of the amplification
DNA products was scored as a binary character for its absence (0)
or presence (l). The percentage of polymorphism (P%), that
represents the ratio between the number of polymorphic bands
and total detected bands X 100, was determined for each sample
and data were statistically analysed using the software program
GraphPad Prism for Windows version 4.0 (GraphPad Software
Inc., San Diego CA USA). The statistical significance between the
treated samples and the control were obtained by applying
ANOVA and Dunnet test (P<<0,05).

Statistical determination of Cd and As interaction type

The interaction type existing between Cd and As in each
treatment and concerning their joint effect on plant growth and
DNA sequence change were evaluated by applying the statistical
method reported by Ince et al. [14]. The method was based on
testing the null hypothesis of “additive effect” at 95% confidence
level.

Specifically, the interaction of Cd and As in each treatment was

assessed by comparing the observed toxicity at the i™ test level and
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at the concentration (x+y)i (where x and y were the concentrations
of the first and second element, respectively) with the value of the
null hypothesis at that level, defined as “the sum of the toxicity
indices of the two elements, tested previously at x and y”.

For the joint effect on plant growth, evaluation of the null
hypothesis was based on multiplication of plant dry weigh (PDW)
of each element as percentage of control, whereas for the joint
effect on DNA sequence changes the null hypothesis was evaluated
by the addition of plant damage induced by each element, defined
as PP = polymorphism percentage. Thus, toxic and genotoxic
interactions at each binary test level were assessed by statistical
testing of the two null hypotheses PDWy and PPy, defined by
Equation 1 and Equation 2 for growth and DNA damage data,
respectively:

HO Plant growth : PDWy(x+y)i=

(PDWx)i*(PDWy)i/100 (1)

HO Plant sequence changes : PPy (x+y)i= (PPx)i+ (PPy)i (2)

where (x+y); was the i combination of Cd and As concentrations
in soil, (PDWx)i and (PDWy)i the plant dry weight (as%) for each
metal ion, recorded at the xi™ and yi™ singular concentrations,
and (PPx)i, (PPy)i the percentage of polymorphism induced by
each element, recorded at the xi™ and yi™ singular concentrations.

The compound interactions were called “antagonistic,” “additive,”
or “synergistic” according to the statistical significance (t student) and
the sign of the difference between the tested hypothesis and the value
of the observed effect.

Regression and Redundance statistical analyses (RDA) were
also applied to investigate the relationships between variables and
their relevance to the joint-effects of Cd and As.

Results

Bioavailability of Cd and As in soil

The bioavailable amount of Cd and As in artificially contam-
inated soils was assessed just before 7. repens exposition. The
measured concentrations of DTPA-extractable Cd and As are
reported in Table 1. In keeping with literature [15-18] Cd was
much more bioavailable than As: the percentage of bioavailable As
and Cd ranged from 0.016 to 0.055 and from 0.43 to 0.79,
respectively. In soils contaminated with single compounds the
bioavailable amounts of both Cd and As increased in parallel with
the increase of metal concentration added to soil (rQCdZ 0.99
A= 0.97). A different bioavailability trend was instead observed
in soil simultaneously contaminated with the two elements: the
presence of As reduced the amounts of bioavailable Cd, whereas
the presence of Cd increased the amounts of bioavailable As.

Effect of Cd and As contaminated soils on plant survival
and growth

Single and joint effects of Cid and As on plant survival and plant
development were assessed after 15 days of exposition. Plant
development was evaluated by measuring plant organ dry weight
(DW). As expected on the basis of preliminary trials, none of the
used single Cd or As concentrations negatively affected plant
survival and plant DW (Fig.1). Plant survival was not affected also
by all the combined treatments. On the contrary, the combination
of As5 with the higher Cd concentration (Cd 60) and the
combination of As10 with Cd 40 or Cd 60 and of As 20 with all
the tested Cd concentrations statistically reduced the shoot
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development (Fig.1). Concerning the effect of these combined
concentrations on roots, although a growth reduction trend was
observed, the results obtained were not statistically significant,
given the root very low DW and the consequent difficulty in
assessment (Fig.1).

A statistiscal analysis, according to Ince et al. [14], was applied
to evaluate the type of interaction existing between As and Cd,
responsible for the joint effect on plant growth observed in each
treatment. Table 2 shows the results of the analysis. A synergistic
effect leading to plant growth reduction was found when the
higher tested Cd concentration (Cd 60) was combined with As 5 or
As 10 or As 20. An additive effect was instead determined for all
the other soil binary mixture.

Accumulation of Cd and As in plant organs

The total amount of Cd and As accumulated in plant organs at
the end of the experiment, was calculated by multiplying the
element concentration, determined by AAS in root and shoot
(Fig.S1), with the correspondent organ DW (Fig.1). The obtained
results are reported in Fig.2.

On average, plants grown in soil contaminated with As
accumulated an amount of metalloid proportional to the
concentration of As added to the soil, which was also related to
the amount of bioavailable element (r%;0n.as= 0.97, P<0.03).
Differently, plants grown in soil contaminated with Cd accumu-
lated a mean amount of metal not proportional to its soil
bioavailable concentration; although plants tended to accumulate
higher Cd amounts in presence of higher concentrations of Cd in
soil, the differences were not statistically significant (Fig.2A).
Moreover, with respect to the available amounts of Cd and As,
plants accumulated a greater relative amount of As than Cd.
Indeed, considering that the available amounts of Cd in each pot
containing 2kg of soil were much higher (ranging from about 32
to74 mg) than those of As (ranging from about 0.16 to 1.6 mg ),
the relative mean amounts of Cd accumulated per plant (ranging
from about 0.4 to 0.7 pg) were proportionally lower than those of
As (ranging from 0.05 to 0.2 pg;), suggesting different plant
absorbtion mechanisms for the two metal(loid)s.

Similarly, in soils contaminated with both metal(loid)s, the mean
total amounts of As accumulated in plants were related to element
bioavailability (multiple r* = 0.90, P<0.05) and, since the presence
of both metal(loid)s in soil increased As biovailability, its amount,
accumulated in plants grown in the presence of both elements, was
higher than that measured in the plants grown in presence of As
alone. On the contrary, Cd accumulation was not proportional to
the bioavailable amount in soil and was lowered by the presence of
As (Fig.2A).

Regarding the distribution of Cd and As in plant organs, most
of them were accumulated in root (Fig.2B) and the very low
amounts translocated to shoot (Fig.2C) were proportional to the
amounts accumulated in root (rQ(;d = 0.51, r’s. = 0.69, P<0.05).

The same trend of Cd and As accumulation and distribution
was also observed analyzing the mean metal(loid) concentration
measured in plant organs (Fig.S1). However it can be observed
that, due to the different reduction in plant growth, induced by the
different metal(loid) treatments, the mean total amount of Cd and
As (calculated multiplying metal concentration for DW), did not
always reflect the mean concentration of elements in plant organs.
For instance, the mean concentration of Cid measured in roots of
plants grown in As20+Cd60 soil was statistically higher than that
found in root of plants grown in As20+Cd40 soil whereas the
mean total amount of Cid was not statistically different between the
two treatments, due to the higher growth reduction of plants
grown in As20+Cd 60 soil. Thus, in our data elaboration, the total
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amount of metal(loid)s was calculated to properly correlate the
amount of element absorbed by plant with its bioavailable soil
quantity, whereas the concentration of elements in plant organs
was also taken in to account to better evaluate the observed toxic
and genotoxic effects of metal(loid)s.

Single and joint genotoxic effects of Cd and As

DNA sequence changes were evaluated by means of RAPD
analysis, a technique which detects mutations at the primer
annealing sites and also within the amplified DNA fragments (..

0.006

Table 1. Bioavailable content (ug g~ ') of Cd and As in soil before plant exposition.

Soil Sample pH Bioavailabe As (ug g-1) Bioavailabe Cd (ug g-1)
CTR 7.9 BDL BDL

As 5 7.8 0.08+0.01 BDL

As 10 8 0.25+0.04 BDL

As 20 7.8 0.80+0.06 BDL

Cd 20 7.8 BDL 15.76*2.72
Cd 40 7.8 BDL 26.81+4.32
Cd 60 79 BDL 36.79+5.91
As 5+Cd 20 8 0.13+0.02 9.87%+1.59
As 5+Cd 40 8 0.12+0.03 18.65+2.96
As 5+Cd 60 7.8 0.14+0.02 32.57+541
As 10+Cd 20 7.9 0.33+0.03 8.91+1.49
As 10+Cd 40 79 0.32+0.04 17.41£2.72
As 10+Cd 60 7.9 0.37+0.03 31.99+5.18
As 20+Cd 20 79 1.11x0.05 9.58*+1.55
As 20+Cd 40 79 1.04+0.04 19.83£3.20
As 20+Cd 60 79 0.93*+0.05 30.70+4.95
Data are the mean+SD of 9 soil samples (3 from each pot).

BDL: below instrument detection limit.

doi:10.1371/journal.pone.0099239.t001

deletions or insertions). Twelve single primers were applied for the
shoot and root analysis revealing a total of 130 and of 152
reproducible bands, respectively. Of these bands, 3.52% and
4.62% were polymorphic among the shoot and root controls,
respectively. These values were considered as a basal polymorphic
level among 7. repens plants (i.e. intra-species variability).

Taking into account all the independent repetitions, DNA
sequence damage, induced by Cd and As, was calculated as the
percentage of polymorphism (P%) of the treated samples
compared to that of the control plants and reported in Fig. 3.
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Figure 1. Effect of metal(loid) stress on T. repens growth, measured as dry weight (DW). Data are the mean of 30 measurements from
single plants per each treatment. The asterisk (*) indicates statistically significant differences with respect to the control (ANOVA and Dunnet test;

P<0.05).
doi:10.1371/journal.pone.0099239.g001
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Figure 2. Metal(loid) total content (ug) in 7. repens plants after exposition. Mean total amount of Cd and As accumulated in plant organs
during exposition, was calculated for each treatment by multiplying the metal(loid) concentration, determined by AAS in root and shoot, with the
correspondent organ dry weight. Uppercase letters represent significant differences with the correspondent concentration of Cd control (P<<0.05);

Lowercase letters represent significant differences with the correspondent concentration of As control (P<<0.05).

doi:10.1371/journal.pone.0099239.g002

All tested As and Cd concentrations (alone or in combination)
determined a statistically higher percentage of polymorphisms in
the shoots and in the roots compared to the control plants. FFor
both Cd and As, induced plant damage was approximately two-
three fold higher in the roots than in the shoots, according to the
low amounts of both metal(oid)s translocated to shoot. Moreover,
DNA damage was related to the concentration of Cd and As
accumulated in shoot and in root. Finally, As was more genotoxic
than Cd: 5 ug g~ ' of As induced a double amount of DNA
polymorphisms (14%) than 5 pg g~ ' of Cd (6%), and 20 ug g~ ' of
As induced a significant higher amount of DNA polymorphism
(32%) than 20 pg g~ ' of Cd (25%).

The interactions between Cd and As, responsible for the joint
genotoxic effects observed in Fig. 3, were defined applying the Ince
et al. [14] statistical analysis. The results are reported in Table 3.
Differently from the interactions responsible for the joint effects on
plant development, an antagonistic interaction, leading to a DNA
damage reduction, was observed in roots of plants exposed to all
the combined concentrations tested. In shoots the interaction was
additive except for soils contaminated with the lower Cd
concentration (Cd 20) combined with As 5, or As 10, or As 20,
which was antagonistic.

RDA analysis

In order to better understand the correlation among the soil
metal(loid) concentrations, their accumulation in plant organs and
their effects on plant growth and DNA sequence, a RDA statistical
analysis was carried out. Fig.4 shows that 4 of the 6 variables
considered (Cd and As bioavailability, Cd and As concentrations
in plant organs) were significant (P<<0.05) in determining the toxic
and genotoxic effects and that the concentration of As found in
plant organs was the most relevant factor (Fig.4 inset).
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354
g 304
£
S 25-
g
é 20- .
s 15 *
10-
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NN
> 5 9

Discussion

Cd and As are two of the main environmental contaminants,
often occurring simultaneously in polluted sites. Although, their
individual toxicity and genotoxicity is well proved, few data are
available about their joint effects and in particular no information
is available about their joint genotoxic action. In our study we
investigated the effect of combined concentrations of Cd and As
on the growth and DNA damage of 7. repens, a sensitive plant to
metals, widely used in biomonitoring campaigns. Plants are
efficient biondicators to get information on cumulative effects of
environmental pollutants. They are used as early warning systems
for preventing environment alterations and human diseases.
However, given the complexity of the mechanisms causing the
final effects, the results obtained through bioindication systems
should be better interpreted if the knowledge about the interaction
of pollutants had improved.

Individual and joint effects of soil inorganic pollutants on
bioindicators depend on different factors. First of all, at soil level,
the mobility of chemicals influences the amount of compounds
which can be absorbed by test-plant. Nevertheless, the uptake is
not only dependent on pollutant bioavailability but it is also
dependent on plant uptake mechanisms, which are compound-
specific. In addition plant possess detoxification strategies, such as
metal exclusion, which influence the final concentration of
compounds inside the cells [18,19]. Finally when two or more
compounds are simultaneously present in soil, the toxic final effects
depend also on the interaction among pollutants which can occur
at all levels.

In our experiment we found that all the concentrations of Cd
and As, supplemented alone to the soils did not induce any
relevant effect on plant survival and growth, whereas they induced
a DNA damage related to the metal(loid) concentration measured

Figure 3. Analysis of the percentage of polymorphism (P% = number of polymorphic loci/number of total loci) detected by RAPD
in DNA from T. repens plants exposed to increasing concentrations of Cd. Root and Shoot mean percentages = SD for each
treatment are reported. The asterisk and circle show statistically significant differences with respect to the control (ANOVA and Dunnet test;

P<0.05).
doi:10.1371/journal.pone.0099239.g003
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Figure 4. RDA analysis showing the relationship between the metal(loid) effects on plant growth (DW_PL) and DNA sequence
(Pol_PL) and the following variables: total content of metal(loid)s in plant (TOT_Cd_PL and TOT_As_PL), concentration of
metal(loid)s in plant ([Cd]_PL and [As]_PL). * Statistically different (P<0.05).

doi:10.1371/journal.pone.0099239.g004

in the different plant organs. Moreover, we found that some of the
concentrations of Cd and As, supplemented as a mixture to the
soils, produced a synergistic effect on plant growth and an
antagonistic effect on DNA, suggesting an interaction between the
two compounds.

In order to understand the main factors which determined our
results, we measured the soil bioavailability of Cd and As and the
total amounts, and their concentrations accumulated in the
different plant organs.

Concerning soil Cd and As bioavailability, in keeping with
literature, Cd was much more bioavailable than As [15-18]. The
very low availability of As that we measured can be ascribed to the
form of As that we used to contaminate the soil (arsenite) along
with an alkaline soil pH. In fact, Smith et al. [15] observed that the
proportion of arsenite sorbed by soil increased with increasing pH.
Specifically they observed that sorption by the soil ranged from
approximately 0.80 of added As(IIl) at low pH, to approximately
0.95 of added As(III) at pH 6 to 7. In addition the low availability
of As that we recorded should be related to the DTPA-based
method that we used. This method was applied because, according
to several studies, it provides the prediction of trace elements
uptake by plants from soils. In particular, Karak et al. [20] showed
a very high correlation between DTPA-extractable As and the
labile pool of As suggesting that the latter is the portion of As most
hazardous for human health, due to the possibility of entering the
food chain.

Interestingly, for both the metal(loid)s, bioavailability increased
with increasing metal concentration in the soils only when the two
compounds were used separately, whereas, when they were used
as a mixture to contaminate soil, the presence of Cd increased the

PLOS ONE | www.plosone.org

amount of bioavailable As and, on the contrary, the presence of As
reduced Cd bioavailability. The reduction of Cd bioavailability in
the presence of As was also observed by Sun and collaborators
[17]. This type of result suggests a sort of competition between the
two metal(loid)s for binding with soil constituents (clays, Al or Fe or
Mn oxides, organic matter, etc.). Generally, both Cd and As
retention in soil is due to their primary association to organic
matter and amorphous Fe and Mn oxides [9,20,21]. It is then
likely that in our experiment the interaction between Cd and As,
mvolved these soil constituents. Anyway, given the different
characteristic of As and Cd, it is very difficult to shade light on the
mechanisms determining the bioavailability changes that we
observed when the two compounds were simultaneously present
in a soil, therefore further works, beyond the aim of the present
study, are needed to clarify the Cd and As sorption-desorption
processes.

In our experiment, bioavailability was a very important factor
for As accumulation, given the linear correlation found between
the total As in plant and the soil As bioavailability.

The result was consistent with previous works [16,17,22]
showing a significant (p<<0.01) correlation between As uptake by
plants in various treatments and total soil As. On the contrary,
regression analysis indicated that Cd accumulation was not
linearly correlated to soil bioavailability. This is also in agreement
with previous studies, which showed that the uptake of Cd by plant
increases proportionally to increasing soil Cd only up to about
20 mg kg™ ' above which the trend becomes curvilinear [23]. The
different behavior of the two metal(loid)s could be explained by
considering their absorption mechanisms. The uptake of Cd from
the soil occurs mainly via Ca®", Fe**, Mn?* and Zn®" transporters
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[24], whereas that of arsenite [As(III)] occurs mainly by diffusion
across membrane through members of the NIP (nodulin 26-like
intrinsic protein) subfamily of aquaporins [25,26]. Thus we can
assume that in our conditions, the main factor determining As
accumulation in 7. repens was bioavailability, whereas the limiting
factor for Cd accumulation was related to the uptake system.
Moreover, the possible combination of that fraction of arsenate
[As (V)], likely formed in soil from [As (ITI)], with Cd (Cd**+
AsO,>” Cdy(AsOy)y) could have decreased the ion exchange on
the root surfaces, playing a role in the reduction of Cd uptake, as
demonstrated by Liu et al. [4], and explaining the reduction of Cd
accumulation we observed in plants grown in presence of both the
metal(loid)s.

Interestingly, as shown by RDA analysis, in our study the
accumulated total amounts of Cd and As in the plant organs were
not statistically significant to explain the observed toxic and
genotoxic effects. This because some treatments caused a plant
organ reduction, so that the effects were related to the
concentration of metal(loid)s measured in plant organs and not
to the total absorbed amounts. Specifically As concentration was
the most important variable due to both its intrinsic toxicity, that
was higher than that of Cd at equal concentration (in agreement
with Luan and collaborators [16]), and to its chemical character-
istics allowing a plant uptake proportional to soil bioavailability,
which was also increased by the presence of Cd in the soil
Moreover, although the concentration of Cd was also important in
determining the observed effects, we should consider that,
differently from arsenite, which is chemically neutral, a fraction
of the total amount of Cd*", accumulated in the different plant
organs, was likely stored in cell walls, since the negative charges of
the cell wall bind and retain heavy metals [27,28]. It is one of the
several mechanisms evolved by plants to cope with Cd®* toxicity,
limiting cellular internalization and its associated toxicity [24,29].

Concerning the observed toxic effect, a reduction of plant
growth was induced by most of the combined concentrations of
Cd and As tested. The type of interaction between the two
metal(loid)s was additive except for the combinations of the higher
Cd concentration (Cd 60) with any As concentration, which were
synergistic. Joint plant Cd and As toxicity was previously
investigated with contrasting results: Luan and collaborators [16]
reported a synergistic effect on soybean plants whilst, Liu et al. [4]
and Sun et al. [17] observed an antagonistic effect on wheat and
rice biomass production. These opposing results are probably due
to the different experimental conditions and to the plant response
mechanisms to metal stress, which are species-specific and even
development stage and organ specific [7]. 7. repens is a pollutants-
sensitive plant and lack of effective tolerance mechanisms,
therefore it is not able to tolerate high metal(loid)s concentrations,
whose effect might be exacerbated whenever they act simulta-
neously. Accordingly, in our experimentation a synergistic effect
on plant growth reduction was observed in those plants showing a
higher total concentration of metal(loid)s. Likely a consistent
inhibition of enzyme activity due to the high Cd and As reactivity
to sulthydryl groups along with oxidative stress and deregulation of
homeostasis of essential element or their displacement from
protein, primarily due to Cd chemical similarity to Zn, Cu and
Te, led to the inhibition of cellular functions and growth.

References

1. Heger TJ, Imfeld G, Mitchell EAD (2012) Special issue on “Bioindication in soil
ecosystems”: Editorial note. Eur J Soil Biol 49: 1-4. Doi: 10.1016/j.ejsobi.
2012.02.001.

2. Piraino F, Aina R, Palin L, Prato N, Sgorbati S, et al. (2006) Air quality
biomonitoring: Assessment of air pollution genotoxicity in the Province of

PLOS ONE | www.plosone.org

10

Joint Genotoxic Effect of Soil Cd and As on White Clover

In addition, the observed plant growth reduction could be due
to an arrest of cell cycle specifically caused by plant in response to
high DNA damage induced by high concentrations of metal(loid)s.
The temporary inhibition of cell cycle progression and DNA
synthesis would provide a longer time for DNA repair and for the
production of free radical scavengers. In support of this hypothesis
we found an antagonistic genotoxic effect in most of the combined
treatments. The antagonism could be also related to the similar
genotoxic mechanisms of Cd and As involving the induction of
ROS and the inhibition of DNA repair enzymes, which could be
reach a maximum in the presence of a defined concentration of
metal(loid)s beyond which it does not increase. Anyway, further
investigations are needed to clarify the cellular molecular
mechanisms involved in the interaction between Cd and As.

In conclusion, our experiment showed that Cd and As can
interact at different levels producing additive, synergistic or
antagonistic effects. In our experimental condition the presence
of Cd increased As soil bioavailability, whereas As presence
reduced that of Cd. Nevertheless bioavailability determined the
absorption of As but not that of Cd, which was likely limited by its
uptake mechanisms. Toxicity and genotoxicity were related to the
total concentration of Cd and As in plant organs and As
concentration was the most significant variable. Joint effects on
plant growth were additive or synergistic, whereas joint genotoxic
effects were additive or antagonists. We have supposed that growth
reduction was due to both toxic effects of Cd and As and to plant
response to high DNA damage, which led to a temporary arrest of
cell cycle providing a longer time for DNA repair and for free
radical scavenger production. This hypothesis is consistent with
the antagonistic genotoxic effect observed in most of the combined
treatments. Nevertheless the antagonistic interaction of Cd and As
could be also associated to the similar genotoxic mechanisms own
of the two metal(loid)s.

Supporting Information

Figure S1 Metal(loid) concentration (ug g~ ' dry matter) in white
clover plants after exposition. The mean concentration obtained
by AAS * standard deviation for each plant organ and for each
soil is shown. Uppercase letters represent significant differences
with the correspondent concentration of Cd control (P<<0.05);
lowercase letters represent significant differences with the
correspondent concentration of As control (P<<0.05).

(DOCX)

Table S1 Sequences of primers used for RAPD analysis.
(DOCX)

Acknowledgments

The authors wish to thank Maria Tringali and Fabio Moia for technical
help.

Author Contributions

Conceived and designed the experiments: SC. Performed the experiments:
AG TNV. Analyzed the data: RG PF. Contributed to the writing of the
manuscript: AG.

Novara (North Italy) by using 7Trifolium repens L. and molecular markers. Sci
Total Environ 372: 350-359. Doi:10.1016/j.scitotenv.2006.09.009.

3. Zhou QX, Zhang OQR, Liang JD (2006) Toxic effects of acetochlor and
methamidops on earthworm Fisenia fetida in Phaeozem, Northeast China.
J Environ Sci 18: 741-745.

June 2014 | Volume 9 | Issue 6 | €99239



. Liu XL, Zhang SZ. (2007) Intraspecific differences in effects of co-contamination

of cadmium and arsenate on early seedling growth and metal uptake by wheat.
J E S 19 (10): 1221-1227. Doi:10.1016/S1001-0742(07)60199-5.

. Wang G, Fowler BA (2008) Roles of biomarkers in evaluating interactions

among mixtures of lead, cadmium and arsenic, Toxicol Appl Pharm 233: 92-99.
Doi:10.1016/j.taap.2008.01.017.

. Huang M, Choi SJ, Kim DW, Kim NY, Park CH, et al. (2009) Risk assessment

of low-level cadmium and arsenic on the kidney. ] Toxicol Environ Health A

72(21-22): 1493-8. Doi: 10.1080/15287390903213095.

. Tkalec M, Stefani¢ PP, Cvjetko P, Siki¢ S, Pavlica M, et al. (2014) The effects of

cadmium-zinc interactions on biochemical responses in tobacco seedlings and
adult plants. PLoS One 27: 9(1):e87582. doi: 10.1371/journal.pone.0087582.
eCollection 2014.

. Agency for Toxic Substances and Disease Registry (ATSDR), CERCLA Priority

List of Hazardous Substances, GA, US Department of Health and Human
Services (www.atsdr.cdc.gov), 2005.

. Keil DE, Berger-Ritchie J, McMillin GA. (2011) Testing for toxic elements: a

focus on arsenic, cadmium, lead, and mercury. Lab Medicine 42: 735-742.
Doi:10.1309/LMYKGUO5BEPE7IAW.

. Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occurrence and

toxicity for plants: a review. Environ Chem Lett 8(3): 199-216. Doi: 10.1007/
$10311-010-0297-8.

. Beyersmann D, Hartwig A (2008) Carcinogenic metal compounds: recent insight

into molecular and cellular mechanisms. Arch toxicol 82(8): 493-512. Doi:
10.1007/500204-008-0313-y.

. Hartwig A (2010) Mechanisms in cadmium-induced carcinogenicity:recent

insights. Biometals 23: 951-960. Doi 10.1007/510534-010-9330-4.

. Lindsay WL, Norwell WA (1969) Development of a DTPA micronutrient soil

test. Agronomy Abstracts 69: 87.

. Ince NH, Dirilgen N, Apikyan IG, Tezcanli G, Ustiin B (1999) Assessment of

toxic interactions of heavy metals in binary mixtures: a statistical approach. Arch
Environ Contam Toxicol 36(4): 365-372.

Smith E, Naidu R, Alston AM (1999) Chemistry of arsenic in soils: I. Sorption of
arsenate and arsenite by four Australian soils. J Environ Qual 28: 1719-1726.

. Luan ZQ, Cao HC, Yan BX (2008) Individual and combined phytotoxic effects

of cadmium, lead and arsenic on soybean in Phacozem. Plant Soil Environ 54:
403-411.

Sun Y, Li Z, Guo B, Chu G, Wei C, et al. (2008) Arscnic mitigates cadmium
toxicity in rice seedlings. Environ Exp Bot 64: 264-270. Doi:10.1016/
j.envexpbot.2008.05.009.

PLOS ONE | www.plosone.org

1

20.

21.

26.

27.

28.

29.

Joint Genotoxic Effect of Soil Cd and As on White Clover

. Verbruggen N, Hermans C, Schat H (2009) Mechanisms to cope with arsenic or

cadmium excess in plants. Curr Opin Plant Biol 12: 364-372. Doi:10.1016/
3-pbi.2009.05.001.

. Hossain MA, Piyatida P, da Silva JAT, Fujita M (2012) Molecular mechanism of

heavy metal toxicity and tolerance in plants: central role of glutathione in
detoxification of reactive oxygen species and methylglyoxal and in heavy metal
chelation. J Botany Article ID 872875. Doi:10.1155/2012/872875.

Karak T, Abollino O, Bhattacharyya P, Das KK, Paul RK (2011) Fractionation
and speciation of arsenic in three tea gardens soil profiles and distribution of As
in different parts of tea plant (Camellia sinensis L.). Chemosphere 85: 948-960.
Doi:10.1016/j.chemosphere.2011.06.061.

Gonzaga MIS, Santos JAG, Ma LQ (2008) Phytoextraction by arsenic
hyperaccumulator Pleris vittata L. from six arsenic-contaminated soils: repeated
harvests and arsenic redistribution. Environ Pollut 154: 212-218. Doi:10.1016/
j-envpol.2007.10.011.

. TFayiga AO, Ma LQ (2005) Using phosphate rock to immobilize metals in soil

and increase arsenic uptake by hyperaccumulator Pleris vittata. Sci Total Environ
359: 17-25. Doi:10.1016/j.scitotenv.2005.06.001.

Smolders E (2001) Cadmium uptake by plants. Int ] Occup Med Environ Health
14 (2): 177-183. PubMed ID: 11548068.

. Clemens S (2006) Toxic metal accumulation, responses to exposure and

mechanisms of tolerance in plants. Biochimie 88: 1707-1719. Doi:10.1016/
j-biochi.2006.07.003.

. Bienert GP, Thorsen M, Schussler MD, Nilsson HR, Wagner A, at al. (2008) A

subgroup of plant aquaporins facilitate the bi-directional diffusion of As(OH) 3
and Sb(OH) 3 across membranes. BMC Biol 6: 26. Doi:10.1186/1741-7007-6-
26.

Isayenkov SV, Maathuis EJ (2008) The Arabidopsis thaliana aquaglyceroporin
AtNIP7; 1 is a pathway for arsenite uptake. FEBS Lett 582: 1625-1628.
Doi:10.1016/j.febslet.2008.04.022.

Polle A, Schiitzendiibel A (2003) Heavy metal signalling in plants: linking
cellular and organismic responses. In: Hirt H, Shinozaki K, editors. Plant
Responses to Abiotic Stress. Springer-Verlag, ISBN 3540200371, Germany:
Berlin-Heidelberg. pp.187-215.

Lux A, Martinka M, Vaculik M, White PJ (2011) Root responses to cadmium in
the rhizosphere: a review. J Exp Bot 62(1): 21-37. Doi:10.1093/jxb/erq281.
Zhu XF, Wang ZW, Dong F, Lei GJ, Shi YZ, et al. (2013) Exogenous auxin
alleviates cadmium toxicity in Arabidopsis thaliana by stimulating synthesis of
hemicellulose 1 and increasing the cadmium fixation capacity of root cell walls.
J Hazard Mater 263: 398-403. http://dx.doi.org/10.1016/j.jhazmat.2013.09.
018.

June 2014 | Volume 9 | Issue 6 | €99239


www.atsdr.cdc.gov
http://dx.doi.org/10.1016/j.jhazmat.2013.09.018
http://dx.doi.org/10.1016/j.jhazmat.2013.09.018

