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Abstract Over the last few decades, the concentration
of cadmium (Cd) in the environment has increased
considerably in many countries due to anthropogenic
activities. Cd is one of the most toxic pollutants in the
environment and affects many metabolic processes in
plants. The main objective of this study was to evaluate
the response of the production, nutritional, and enzy-
matic antioxidant system of two tomato genotypes
(Calabash Rouge and CNPH 0082) grown in tropical
soils that were treated with doses of Cd. Soil samples
were collected from the layer of earth at a depth of 0—
0.2 m in areas subjected to a minimum of human dis-
turbance. The concentrations of Cd applied to the soil
samples were 0, 1, 2, and 4 times (0, 3, 6, and
12 mg kg ' of Cd) the agricultural intervention value
adopted by current environmental legislation in the state
of Séo Paulo, Brazil. Analysis of superoxide dismutase,
catalase, glutathione reductase, guaiacol peroxidase, and
ascorbate peroxidase activities, formation of stress indi-
cator compound (malondialdehyde—MDA and
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hydrogen peroxide), parameters of production—dry
mass of the shoot and root system (here in after “shoots”
and “roots”), as well as nutrition, and both the bioavail-
able and total levels of this metal in the soil were
performed. When the bioavailable content and total
levels of Cd in the soil increased as a result of this metal
doses applied, the biomass of both shoots and roots
decreased in both genotypes (with the exception of the
CNPH 0082 grown in clay soil) and displayed lower
SPAD (relative chlorophyll index) values when exposed
to contaminated environments with Cd concentrations.
Cadmium treatment resulted in nutritional imbalances,
mainly in terms of N, P, and Mn metabolism. Plants
subjected to an elevated available content of metal in the
soil exhibited increases in content of MDA and hydro-
gen peroxide and increased activity of catalase, ascor-
bate peroxidase, and guaiacol peroxidase in plant tissues
when grown in both clay soil and sandy soil. Cadmium
was phytotoxic to the plants causing a nutritional imbal-
ance, especially on the metabolisms of N, P, and Mn. An
oxidative stress condition was established in response to
the Cd treatments applied, which led to changes in
peroxidase activity.

Keywords Antioxidant enzymes - Extractants - Mineral
plant nutrition - Toxic element - Tropical soils

1 Introduction

Over the last few decades, the concentration of cadmium
(Cd) in the environment has increased considerably in
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many countries as result of human activities (Gallego
et al. 2012). Activities such as mining, foundry, appli-
cation of fertilizers (Feng et al. 2010), and battery and
waste disposal are among the main activities that gener-
ate environmental contamination caused by this metal
(Chou et al. 2011). In terms of overall water quality in
the world, surface runoff in agricultural soils infiltrating
aquatic systems is one of the most widespread forms of
pollution by heavy metals (ICDA 2012).

In the environment, Cd is found in low concentra-
tions in the soil, the predominant form being Cd*"
(Verbruggen et al. 2009). The low concentration com-
bined with the low diffusion coefficient of metal in the
soil solution suggests that the flow of mass is the pre-
dominant ion root contact mechanism for uptake of Cd
by plant roots (Lux et al. 2011). Plants are the main entry
route into the animal food chain and the accumulation of
this metal in certain plant tissues can lead to commercial
rejection of food crops and a decrease in productivity, as
well as the danger to human health (Benzarti et al. 2010;
Grato et al. 2012; Dourado et al. 2013).

Cadmium is one of the most worrying environmental
contaminants and affects several metabolic processes in
plants (Dourado et al. 2014). This metal is also known to
inhibit seed germination and root growth, induce aber-
rations in chromosomes and the formation of
micronuclei (Fojtova and Kovarik 2000; Pizzaia
2013), and can cause depolarization of the cytoplasmic
membrane and acidification, leading to disruption of the
cellular homeostasis (Gratdo et al. 2005; Gallego et al.
2012).

In most cases, symptoms of toxicity of this element in
plants take the form of binding of the metal to sulthydryl
groups of proteins, which creates a metal-protein com-
plex that interferes with the biosynthesis of chlorophyll
and can inhibit photosynthetic enzyme activity in the
Calvin cycle (Gallego et al. 2012). Furthermore, an
excess of Cd and other toxic metals can stimulate the
production of reactive oxygen species (ROSs), which in
turn can cause lipid peroxidation, enzyme inactivation,
DNA damage, and loss of membrane selectivity (Gratdo
et al. 2005, 2015; Gallego et al. 2012; Dourado et al.
2015). Cadmium can also influence the absorption of
other elements present in the growth medium, especially
potentially competing cationic micronutrients such as
copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn)
(Rodecap et al. 1994).

Oxidative stress caused by the toxic effect of this
element causes cell damage that is irreversible and
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unleashes the process of programmed cell death
(Gallego et al. 2012; Su et al. 2014; Tannone et al.
2015). This may reflect the action of ROS on macro-
molecules, which promotes modification of nucleic
acids, including chromosomal breakdown. Cadmium
can cause uncontrolled oxidation which may be mitigat-
ed by the antioxidant defense system consisting of anti-
oxidant enzymes such as superoxide dismutase, ascor-
bate peroxidase, catalase, glutathione reductase, gluta-
thione S-transferase, and guaiacol peroxidase, among
others (Souza et al. 2013; Liu et al. 2015; Nogueirol
etal. 2015).

The objectives of this study were to evaluate the
responses of some key antioxidant enzymes and the
productive and nutritional changes in two tomato geno-
types—Solanum lycopersicum var. esculentum
(Calabash Rouge, a commercial genotype exhibiting a
tendency to susceptibility to Cd and tolerance to alumi-
num (Al)) and S. lycopersicum var. cerasiforme (CNPH
0082, a wild genotype that exhibits a certain degree of
tolerance to toxic elements, except Al) (Piotto 2012;
Nogueirol et al. 2015), found in tropical soils.

2 Materials and Methods
2.1 Plant Material and Treatments

The experiment was conducted in a greenhouse with
soil in pots using two genotypes: S. [ycopersicum var.
esculentum (Calabash Rouge) and S. lycopersicumvar.
cerasiforme (CNPH 0082). The seeds were treated with
500 mL L' sodium hypochlorite for 30 min and then
placed on germination trays containing sand as substrate
and irrigated with Hoagland and Arnon solution (1950)
with an ionic strength of 10 %, every 2 days. After
20 days of germination, seedlings were transfered to
pots containing soil. The pots were irrigated with deion-
ized water daily.

Soil samples were collected from the layer between 0
and 0.2 m in areas that had been subjected to minimal
human disturbance (forest fragments). Total Cd concen-
trations in both soils were virtually nil and available Cd
concentrations were zero at the beginning of the exper-
iment. The clay soil contained 670 gkg ' clay, 70 gkg ™’
silt, and 260 g kg sand and a sandy soil contained
130 g kg ' clay, 30 g kg ! silt, and 840 g kg sand.

The pots containing clay soil were given a corrective
(applied in the form of CaO) equivalent to 2240 mg of
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CaO per kilogram of soil and pots containing only sandy
soil were given the equivalent of 1120 mg of CaO per
kilogram of soil in order to precipitate all the toxic Al in
the soil and to ensure soil acidity within the appropriate
range for Cd to be applied. The corrective doses were
established by neutralization curves previously calculat-
ed for each soil.

Cadmium source was CdCl, and the rates of Cd were
supplied to the plants as solutions to have this metal
homogenized in the soil. The Cd concentrations applied
to the soil were 0, 1, 2, and 4 times (0, 3, 6, and
12 mg kg ' Cd) the agricultural intervention level
(3 mg kg ' soil) adopted by current environmental legis-
lation in the state of Sdo Paulo, Brazil (CONAMA 2009).

2.2 Available and Total Contents of Cd in the Soil

Available Cd contents in the soil were extracted by
Mehlich-IIT (Mehlich 1984), and the total metal concen-
tration was obtained by the EPA method 3052,
employing microwave digestion using HF + HNO; +
ultrapure water (EPA 1996). Metal levels in the extracts
were determined by ICP-OES.

2.3 Dry Mass Yield and Mineral Elements in Plant
Tissues

The plants were harvested 34 days after transplanting
the seedlings to the soil. The plant material used in the
evaluation of productive and nutritional aspects was
separated into shoots and roots and dried in a forced
circulation oven at 65 °C for 72 h, and subsequently
ground in a Wiley mill. The samples were subjected to
nitric-perchloric digestion according to Malavolta et al.
(1997) and Cd concentrations were determined by ICP-
OES. Nitrogen concentration in the samples was deter-
mined by sulfuric acid digestion, followed by distillation
and titration; phosphorus (P) by colorimetry; potassium
(K) by flame photometry; sulfur (S) turbidimetrically;
and copper (Cu), iron (Fe), manganese (Mn), and zinc
(Zn) by atomic absorption spectrophotometry.

2.4 SPAD Value

The indirect determination of the concentration of chlo-
rophyll in the SPAD value (relative chlorophyll index)
was carried out with a SPAD-502 Chlorophyll Meter
after the onset of signs of Cd toxicity in the plants (5 days
after the metal soil application). Values used for

statistical analysis were derived from an average of ten
readings taken for each pot.

2.5 Lipid Peroxidation and H,O, Content

Lipid peroxidation was assessed by the 2-thiobarbituric
acid (TBA) test. The content of the reactive substances
(TBARS) was quantified as the final product of the
process of lipid peroxidation, with readings at 535 and
600 nm (Gratdo et al. 2012). Malondialdehyde (MDA)
content was calculated from the specific equation for the
reaction (Mihara et al. 1980). H,O, content was deter-
mined according to Gay et al. (1999). H,O, present in
the sample donates electrons to the Fe which binds to the
xylenol during the incubation period (30 min). The
readings of both the standard curve and the samples
were read by a spectrophotometer at 560 nm.

2.6 Extraction and Quantification of Proteins in Leaves
and Roots

The plant material used for enzymatic analysis was
collected, immediately frozen in liquid nitrogen, and
stored in a freezer at —80 °C. Proteins were extracted
from 1 g macerated tissue in a mortar with liquid nitro-
gen. Samples were homogenized in 100 mM potassium
phosphate buffer, pH 7.5, containing 1 mM ethylene
diaminetetraacetic acid (EDTA), 3 mM dithiothreitol
(DTT), and 4 g L' polyvinylpolypyrrolidone (PVPP)
according to Azevedo et al. (1998). The homogenate
was centrifuged at 10,000xg for 30 min at 4 °C and the
supernatant was aliquoted and stored in a freezer at
—80 °C until analysis. The concentration of total proteins
was determined by the Bradford method (1976) using
the “Bovine Serum Albumin” (BSA) as standard. The
result was expressed in miligram protein/Mililiter of
protein extract.

2.7 Antioxidant Enzymes
2.7.1 Superoxide Dismutase

SOD activity staining was carried out as described by
Rendon et al. (2013). After non-denaturing polyacryl-
amide gel (PAGE) separation, the gel was rinsed in
deionized water and incubated in the dark in 50 mM
potassium phosphate buffer (pH 7.8) containing 1 mM
EDTA, 0.1 mM nitroblue tetrazolium, 0.05 mM ribofla-
vin, and 0.3 g N,N,N,N'tetramethylethylenediamine.
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The gels were then rinsed with deionized water and
illuminated in water until the achromatic bands of
SOD activity were visible on a purple-stained gel.
Bovine SOD was used as a standard.

2.7.2 Catalase

The activity of catalase (CAT) was determined by a
reaction containing 1 mL of 100 mM potassium phos-
phate buffer, pH 7.5, and 2.5 uL H,O, 30 %, to which
15 pL of protein extract was added. CAT activity was
determined by the decomposition of H,O, for 1 minina
spectrophotometer (240 nm) at 25 °C (Monteiro et al.
2011).

2.7.3 Ascorbate Peroxidase

The activity of ascorbate peroxidase (APX) was deter-
mined by the spectrophotometric method, with readings
taken at 290 nm. The reaction mixture consisted of a
solution containing 650 pL of 80 mM potassium phos-
phate buffer, pH 7.0, 100 puL ascorbate 5 mM, 100 uL
1 mM EDTA, 100 uL H,O, 1 mM, and 50 uL extract,
kept in a water bath at 30 °C. H,O, was added at the
time the readings were taken after a period of 1 min in
quartz cuvettes (Cakmak and Horst 1991). The activity
of APX, expressed as nanomole per minute per
miligram protein in the presence of ascorbate, was cal-
culated using the extinction coefficient of
2.8 mM ' ecm™' ascorbate (Monteiro et al. 2011).

2.7.4 Glutathione Reductase

The activity of glutathione reductase (GR) was mea-
sured using a spectrophotometer (412 nm) at 30 °C.
Fifteen microliters of extract was added to a reaction
solution consisting of 3 mL of 100 mM potassium
phosphate buffer, pH 7.5, 1.5 mL 5,5'-dithio-bis (2-
nitrobenzoic acid) (DTNB), I mM oxidized glutathione,
and 0.1 mM NADPH. GR activity was estimated by
reduction of oxidized glutathione (Carvalho et al. 2013)
and was expressed in micromole per minute per
miligram protein.

2.7.5 Guaiacol Peroxidase
The activity of guaiacol peroxidase (GPOX) was deter-

mined according to Matsuno and Uritani (1972). The
reaction medium consisted of phosphate-citrate buffer
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(pH 5.0), guaiacol 5 mL L™, and protein extract
(50 uL), kept at 30 °C for 15 min. An ice bath and the
addition of 20 g L ™" of sodium metabisulfite were used
to stop the reaction and readings were taken at 450 nm.
One enzyme activity unit (U) of GPOX corresponds to
an increase of 0.001 in absorbance per minute per
miligram protein.

2.8 Statistical Analysis

The experiment was set in complete randomized block
design, with three replications to evaluate plant produc-
tion and mineral nutrition, and other three replications
for metabolic parameters determinations. Each experi-
mental unit (pot) had three plants. Results were
expressed in terms of means and standard deviations
of the mean (£SD) in three independent repetitions
focused on dry mass production and nutrients and Cd
concentrations in both shoots and roots, Cd
concentrations available and total content in the soil,
and antioxidant enzymes activity. The results were
analyzed by means of an SAS program (2002) and the
Tukey test (5 % level of significance) was applied to the
variance analysis and comparisons of means.

3 Results
3.1 Available and Total Contents of Cd in the Soil

Cadmium concentrations available determined at the
end of the experiment, extracted by Mehlich-III, in-
creased with the concentration of metal applied to both
soils (Fig. 1a, b). This explains why the contents ex-
tracted by Mehlich-III were smaller than the initial
amounts added, which were readily available, since they
had been administered in the form of a solution to plants
during the pre-flowering period to allow for greater Cd
absorption. The total contents extracted by the EPA
3052 method, a closed digestion system, were very
close to the amounts administered and increased accord-
ing to the Cd concentrations applied in both soils
(Fig. 1c, d).

3.2 Dry Mass Production
The growth rate of the plants declined as the concentra-

tion of Cd applied to the soil increased from 6 to
12 mg kg '. Calabash Rouge exhibited lower
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Fig. 1 Cd-Mehlich-III (a, b) and total Cd (e, d) in soil for
Calabash Rouge and CNPH 0082 genotypes, as related to Cd
rates. Values are the means of three replications + SD. Different

production of shoot and root dry mass only when treated
with the higher concentration of Cd (12 mg kg ') in the
clay soil, while CNPH 0082 exhibited lower shoot dry
mass production when treated with Cd concentrations of
either 6 or 12 mg kg ' (Fig. 2a), whereas no change in
root dry mass that could be attributed to the presence of
metal in the culture medium was observed (Fig. 2c). In
sandy soil, both genotypes exhibited lower shoot dry
mass production only at the highest Cd concentration
use remaining unaffected by the other concentrations
applied to the soil (Fig. 2b). Calabash Rouge exhibited
the highest root dry mass production at 3 mg kg ' Cd
concentration, while CNHP 0082 exhibited lower root
growth than the control at all concentrations of Cd used
(3, 6, or 12 mg kg ') (Fig. 2d).

3.3 SPAD Value

In the clay soil, the SPAD values for both genotypes
decreased in response to the Cd treatments applied to the
soil (Fig. 3a). The Calabash Rouge cultivar under culti-
vation in sandy soil exhibited reduced SPAD values that

letters within each soil and each genotype indicate significant
differences among means (Tukey, 5 %)

could be attributed to the concentration of metal applied,
while for CNPH 0082 the increases in the concentra-
tions used had no effect on SPAD value, though a
reduction was evident when plants treated with any
concentration of Cd were compared to plants that were
not subjected to metal treatment (Fig. 3b).

3.4 Cd Concentration in Plant Tissues

Cd concentrations in the shoots and roots of both culti-
vars increased with the application of metal concentra-
tion in both soil types (Fig. 4). The Cd concentration
was always higher in Calabash Rouge than in the CNPH
0082, especially when grown in clay soil. Calabash
Rouge absorbed and transported more Cd to the shoots
than CNPH 0082, especially when grown in a soil with
clay texture (Fig. 4a, c).

3.5 Concentration of Nutrients in Plant Tissues

Both genotypes exhibited lower N concentration than
the control in the shoots when the concentrations of Cd

@ Springer
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Fig.2 Shoots (a, b) and roots (¢, d) dry mass of plants grown over
a 54-day period since germination, as related to Cd rates in two soil
types. Values are the means of three replications + SD. Different

were applied to both soils (Fig. 5a, b). The N concen-
trations in plants grown in clay soil were higher than in
those grown in sandy soil. Calabash Rouge exhibited a
more pronounced decrease in N concentration in the
shoots when compared to CNPH 0082. The N concen-
tration in the roots of Calabash Rouge grown in clay soil

letters within each soil and each genotype indicate significant
differences among means (Tukey, 5 %)

changed in response to the Cd concentration applied to
the soil, while the N concentration in CNPH 0082 roots
remained constant (Fig. 5¢). There was an increase in N
concentration in the roots of both genotypes grown in
sandy soil in conditions of great availability of Cd
(Fig. 5d).
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Fig. 3 SPAD units of plants grown over a 54-day period since
germination, as related to cadmium rates in two soil types. Values
are the means of three replications =SD. Different letters within
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each soil and each genotype indicate significant differences
among means (Tukey, 5 %)
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Fig. 4 Cadmium concentrations in shoot (a, b) and root (¢, d) of
Calabash Rouge and CNPH 0082 genotypes, as related to Cd rates
in two soil types. Values are the means of three replications + SD.

Phosphorus concentrations were unchanged in vege-
tal tissues of the shoots (Fig. 6a) and roots (Fig. 6¢) of
the two genotypes when exposed to Cd in clay soil.
When grown in sandy soil, Calabash Rouge exhibited
an increase in P concentration in the presence of Cd,
while no change was observed in CNPH 0082 (Fig. 6b).
In the root tissue of plants grown in sandy soil, P
concentrations decreased continuously as the applied
metal concentrations increased (Fig. 6d).

In plants grown in clay soil, lower Mn concentration
was observed in shoots of Calabash Rouge with Cd
concentration of 3 and 6 mg kg ', while CNPH 0082
exhibited lower concentrations of this micronutrient in
response to the Cd concentrations applied (Fig. 7a). For
root tissue, Calabash Rouge exhibited a higher Mn
concentration at 3 mg kg ' Cd in the soil than for the
other concentrations applied, while CNPH 0082 dif-
fered from the control only at 3 mg kg ™' Cd in the soil
(Fig. 7c). When grown in sandy soil, only Calabash
Rouge exhibited a reduction in the concentration of this
micronutrient and to the same extent in both shoots and

Different letters within each soil and each genotype indicate
significant differences among means (Tukey, 5 %)

roots, in response to the Cd concentrations used
(Fig. 7c, d).

No changes were observed for any of the genotypes
and in both soils used in the concentrations of K, Ca,
Mg, S, Cu, Fe, and Zn (shoots and roots) in response to
the Cd concentrations (results not shown).

3.6 Lipid Peroxidation and H,O, Content

Lipid peroxidation measured as MDA content in the
shoots was higher at 6 to 12 mg kg ' for Calabash
Rouge, while for CNPH 0082 lipid peroxidation was
higher at 12 mg kg ' when compared to the other
concentrations applied to both types of soil
(Fig. 8a, b). In the roots of both genotypes, lipid perox-
idation was higher in the plants subjected to the two
highest concentrations of Cd than for the other concen-
trations in both soils (Fig. 8c, d).The concentration of
H,0, in the shoots increased in both genotypes as a
result of the Cd concentrations applied to both soils
(Fig. 9a, b). Calabash Rouge in both soils and CNPH

@ Springer
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Fig. 5 Nitrogen concentrations in shoot (a, b) and root (¢, d) of
Calabash Rouge and CNPH 0082 genotypes, as related to Cd rates
in two soil types. Values are the means of three replications + SD.

0082 in the sandy soil only exhibited an increased
production of H,O» in the roots in line with the increases
in metal availability for plant absorption, while for the
CNPH 0082 in clay soil the two higher Cd concentra-
tions resulted in greater H,O, content (Fig. 9c, d).

3.7 Antioxidant Enzymes
3.7.1 Superoxide Dismutase (SOD)

The determination of SOD activity in samples extracted
from the plants was based on the separation of isoen-
zymes by non-denaturing PAGE (Fig. 10). Three SOD
isoenzymes were detected in the shoots and roots (bands
1, 2, and 3). Although a densitometric analysis was not
carried out, it was possible to observe a continuous
increase in band 3 intensity in line with increases in
Cd concentrations in the leaves of CNPH in clay soil
(Fig. 10a). In the roots, an increase in band 3 intensity
was observed for Calabash Rouge grown in clay soil as
Cd availability increased (Fig. 10c).

@ Springer

Different letters within each soil and each genotype indicate
significant differences among means (Tukey, 5 %)

3.7.2 Catalase (CAT)

CAT activity increased in the shoots of both genotypes
in response to the Cd concentrations applied to the soil
(Fig. 11a, b). When grown in clay soil, Calabash Rouge
exhibited an increase in CAT activity in the roots in
response to the increase in Cd availability, while
CNPH 0082 was different only from the control and
when the Cd concentration was 12 mg kg ' (Fig. 11c).
In sandy soil, the highest activity of this enzyme was
observed in the roots at the two highest metal concen-
trations used (Fig. 11d).

3.7.3 Ascorbate peroxidase (APX)

In the clay soil, APX activity in the shoots of Calabash
Rouge was higher at the highest concentration of Cd in
the soil when compared to the other concentrations
applied, while in CNPH 0082 APX activity showed no
significant difference between Cd concentrations
(Fig. 12a). APX activity in the shoots in Calabash
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Rouge remained unchanged in response to all levels of
Cd concentration, while CNPH 0082 exhibited in-
creased activity for the two highest concentrations of
Cd above those of the control and the concentration of
3 mg kg ' when plants were grown in sandy soil
(Fig. 12b). APX activity in the roots of Calabash
Rouge grown in clay soil was higher at the two highest
concentrations of Cd than at the other concentrations,
while for CNPH 0082 a difference was only observed at
the highest concentration used (Fig. 12¢).When grown
in sandy soil, the root tissues of both genotypes exhib-
ited higher APX activity when exposed to higher avail-
ability of the metal (Fig. 12d).

3.7.4 Glutathione Reductase (GR)

In clay soil and in both genotypes, GR activity in the
shoots and roots was unaffected by any concentration of
Cd (Fig. 13a, c¢). GR activity was higher in the shoots of
CNPH 0082 when subjected to 12 mg kg~' Cd when
compared with to the enzyme activity at 3 mg kg ' Cd
and the control (Fig. 13b). GR activity in the roots of the

Different letters within each soil and each genotype indicate
significant differences among means (Tukey, 5 %)

both genotypes was not influenced by any treatments
when grown in sandy soil (Fig. 13d).

3.7.5 Guaiacol Peroxidase (GPOX)

GPOX activity in the shoots of CNPH 0082 was not
altered by Cd in either clay or sandy soil (Fig. 14a, b). In
Calabash Rouge, only the highest Cd concentration led
to a higher GPOX activity in shoots of the plants grown
in sandy soil (Fig. 14b) and roots of the plants grown in
clay soil (Fig. 14c). CNPH 0082 exhibited changes in
GPOX activity at the two highest concentrations of Cd
in roots of plants grown in sandy soil (Fig. 14d).

4 Discussion

The bioavailable Cd concentrations (Fig. 1a, b) were
lower than the total content (Fig. lc, d) owing to the
soil-metal interaction that occurred between the time
when Cd was applied and the time of harvesting of the
soil sample. This decline can be related to the application
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Fig. 7 Manganese concentrations in shoot (a, b) and root (¢, d) of
Calabash Rouge and CNPH 0082 genotypes, as related to Cd rates
in two soil types. Values are the means of three replications + SD.

of Cd via solution, which can avoid any part of the Cd
amount being retained by soil particles and unavailable to
plants. Contaminants remain in the environment for a
long time, and at times tend to display slow build-up
because they do not degrade and are little metabolized by
living organisms. Cd is a toxic metal which can be easily
taken up by plants disrupting the control of the cell redox,
being one of the major stresses that limit agricultural
production (Clemens 2006). Thus, heavy metals which
accumulate can remain in the environment for a long
time and eventually accumulating to levels that could
harm humans (Gratéo et al. 2005; Azevedo et al. 2012).

Both tomato genotypes chosen for this study exhib-
ited lower growth of both shoots (Fig. 2a, b) and roots
(Fig. 2¢c, d) due to the increase in metal concentration in
the soil. Cd is an element easily absorbed by plant roots.
Subsequent uptake by plants occurs when root cells die,
affecting root development and plant growth. Dry mass
production for both genotypes was similar; however, the
amount of Cd absorbed by the roots and transported to
the shoots in the Calabash Rouge genotype was greater
than for the CNPH 0082 genotype, indicating a higher
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Different letters within each soil and each genotype indicate
significant differences among means (Tukey, 5 %)

level of tolerance of this genotype to this metal. Such a
result may also point out to a potential mechanisms of
plant tolerance to Cd. Moreover, the higher amount
absorbed coupled with the rapid transport of a toxic
element from the roots to the shoots of a plant are
desirable characteristics in species used for
phytoremediation of areas contaminated by heavy
metals, since the majority of these metals tend to accu-
mulate in the root tissue of plants. It is also to bear in
mind that plant organ differ in their sensitivity to Cd
exposure due to the allocation of biomass when exposed
to the stress imposed by Cd (Djebali et al. 2010).

The presence of Cd in plant tissues caused nutritional
and productive changes in both tomato genotypes in
both types of soil, resulting in lower SPAD values
(Fig. 3a, b). Plants grown in soil contaminated with Cd
exhibited chlorosis in the leaves, which may have been
caused by the change in the balance of water and sto-
matal conductance in addition to the damaging effect of
the metal to the photosynthetic apparatus, which causes
decreases in the chlorophyll and carotenoid contents
(Sanita di Toppi and Gabrielli 1999), displaying
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Fig. 8 Lipid peroxidation measured as malondialdehyde (MDA)
concentration in shoot (a, b) and root (¢, d) of Calabash Rouge and
CNPH 0082 genotypes, as related to Cd rates in two soil types.

evidence of a reduction in SPAD values in the plants.
Cadmium alters the electron transport system and the
concentration of those compounds responsible for olig-
omerization of the chlorophyll protein complex,
resulting in the degradation of chlorophyll and conse-
quent chlorosis of the leaves (Gill and Tuteja 2010).
Reductions in chlorophyll concentration and consequent
disturbed chlorophyll synthesis can be the main cause of
decreases in photosynthetic activity in plants when ex-
posed to Cd (Ekmekei et al. 2008).

The concentration of Cd in the shoots (Fig. 4a, b) and
roots (Fig. 4c, d) of both genotypes increased in re-
sponse to the availability of the element in the soil, but
this linearity between plant capacity absorption and
increases on average heavy metal availability is not the
rule, and this phenomenon can present numerous vari-
ables that cause this non-linearity, such as temperature,
aeration, composition and soil moisture, plant competi-
tion, and local microbial community. The Calabash
Rouge genotype absorbed and transported a greater
amount of metal than the CNPH 0082 genotype and
such variation may have occurred due to the peculiar

Values are the means of three replications + SD. Different letters
within each soil and each genotype indicate significant differences
among means (Tukey, 5 %)

characteristics of each genotype, such as the growth rate,
root system, and leaf type, and may also vary according
to the element’s chemical properties (Nagajyoti et al.
2010).

In both genotypes, greater concentrations of Cd were
observed in the root tissue (Fig. 4c, d) than in the shoots
(Fig. 4a, b). The genotypes used in this experiment were
found to present mechanisms for metal retention in the
root tissue possibly in order to avoid further damage if
transported to the shoots. One strategy adopted by plants
to minimize the toxic effect of the presence of Cd is to
prevent it reaching the xylem, causing the metal not to
accumulate in the shoot and thus not damaging the
photosynthetic apparatus of the plant. This can be ac-
complished by the plant through the synthesis of chelat-
ing or physical barriers that prevent the movement of Cd
along the apoplastic pathway (Lux et al. 2011). Plants
tolerant to Cd can protect themselves from its toxic
effect by expelling the metal through the roots, chelating
and converting Cd into a non toxic compound, or by
depositing it in a non vital cellular compartment, for
instance, the vacuole (Lux et al. 2011; Zhu et al. 2011).
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Fig. 10 Activity staining for superoxide dismutase (SOD) following
non-denaturing polyacrylamide gel electrophoresis of extracts of shoot
(a, b) and root (¢, d) of Calabash Rouge and CNPH 0082 plants grown
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over a 54-day period in the presence of Cd. The lanes listed in soils are
as follows: (P) bovine SOD standard; (0) control; (/) Cd=3 mg kg™
soil; (2) Cd=6 mg kg " soil; and (4) Cd=12 mg kg " soil
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Fig. 11 Catalase activity (CAT) in shoot (a, b) and root (¢, d) of
Calabash Rouge and CNPH 0082 genotypes, as related to Cd rates
in two soil types. Values are the means of three replications + SD.

It is known that tomato plants, when subjected to stress
by Cd, tend to accumulate the metal in the roots (Ben
Ammar et al. 2008; Delperee and Lutts 2008), but can
be transported to the shoots, even to fruits when sub-
jected to high concentrations or extended exposure time
to the metal (Shentu et al. 2008).

Cadmium is not essential element for humans and it
cause toxicity to human health, even in non-phytotoxic
concentrations in the soil (Peijnenburg et al. 2000).
Plants grown in soils with Cd concentration below a
defined critical limit, based on what is considered a
threat to human health, may not result in symptoms of
toxicity and/or lower production plant and, because of
this, the consumption of these vegetables containing Cd
is emerging as the major pathway to human exposure to
this metal (Swartjes et al. 2007). Melo et al. (2011)
cultivated soybean in two tropical soils (Entisol and
Oxisol) with different characteristics and applied Cd
concentrations of up to 10.4 mg kg~ ' and observed an
increase of metal concentration in soybean leaves with
the increase of the applied concentration of this metal,

Different letters within each soil and each genotype indicate
significant differences among means (Tukey, 5 %)

which may become a risk to human health since this
metal is transferred to the beans.

Nitrogen concentration in the shoot tissues of both
genotypes was lower under conditions of increased Cd
availability in soils (Fig. 5a, b). When plants absorb high
amount of Cd, the metal causes oxidative injuries to the
plasma membrane (Gill and Tuteja 2010) and reduces N
uptake by the plant (Hatata and Abdel-Aal 2008), thus
resulting in lower concentrations of this nutrient in the
tissues. This reduction in N concentration where there is
increased availability of metals has been reported in
plants grown in environments where there is also high
availability of heavy metals, e.g., copper (Quartacci
et al. 2001). Hatata and Abdel-Aal (2008) evaluated
the effect of Cd (10, 50, and 100 mmol Lfl) in sunflower
(Helianthus annuus) and obtained N concentrations re-
duced by 60 and 46 % in shoots and root tissues,
respectively, when a Cd concentration of
100 mmol L' was compared to control (no Cd).
There was an increase in N concentration in the root
tissue of plants in response to the Cd concentrations
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Fig. 12 Ascorbate peroxidase activity (APX) in shoot (a, b) and
root (¢, d) of Calabash Rouge and CNPH 0082 genotypes, as
related to Cd rates in two soil types. Values are the means of three

applied to the soil (Fig. 5c, d). It is known that NO; ™ is
reallocated to the roots when plants are exposed to
stress, including stress caused by heavy metals
(Hernandez et al. 1997). Recent studies indicate that
the reallocation process of NO;  functions as an essen-
tial contributor to tolerance to Cd (Gojon and Gaymard
2010; Lietal. 2010; Chen et al. 2012). This reallocation
of NO; is based on the following observations: (a) the
NO; represents the lowest proportion of all N
reallocated to the roots, and thus the nutritional effect
is subtle and insignificant; (b) changes in gene expres-
sion and (c) the Cd distribution between roots and
shoots were altered and were positively correlated with
the concentrations of NO3  (Chen et al. 2012).

The concentration of metals in soils, the type of soil,
and plant species will influence the level of toxicity to
the plant since the metal can compete with essential
mineral elements, especially cationic micronutrients
(Zhang et al. 2002) and, consequently, causing a nutri-
tional imbalance in the plants. Once absorbed by the
plant, the Cd is accumulated in the plant tissue and
cellular compartments, which impairs plant metabolism
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replications + SD. Different letters within each soil and each ge-
notype indicate significant differences among means (Tukey, 5 %)

(Hasan et al. 2009). Results available in the literature
show that this metal (a) increases the absorption of
nutrients in a wide number of plant species, such as in
this experiment which resulted in an increase in P con-
centration in the shoots of the Calabash Rouge genotype
(Fig. 6b) and a reduction in the concentration of this
nutrient in root tissues of both cultivars when grown in
sandy soil (Fig. 6d), and (b) decreases absorption in
other species through competition for the same absorp-
tion site, such as in the case of Mn in the Calabash
Rouge genotype grown in sandy soil (Fig. 7b, d). This
has been attributed to differences between plant species
and the concentration of nutrients available in the
growth medium (Safarzadeh et al. 2013). Adverse envi-
ronmental conditions affect nutrition and metabolism
related to P in plants. The activities of phospholitic
enzymes such as acid phosphatase, alkaline phospha-
tase, and ATPase are altered significantly when plants
are exposed to sources of abiotic stress in the environ-
ment such as salinity of the culture medium (Ehsanpour
and Amini 2003), osmotic stress (Szabo-Nagy et al.
1992), and excess heavy metals (Shah and Dubey
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Fig. 13 Glutathione reductase activity (GR) in shoot (a, b) and
root (¢, d) of Calabash Rouge and CNPH 0082 genotypes, as
related to Cd rates in two soil types. Values are the means of three

1998). Cadmium can interfere with the absorption,
transport, and use of certain nutrients, including P, as
shown in pea plants (Metwally et al. 2005) and barley
(Guo et al. 2007).

Increasing the amount absorbed and the accumula-
tion of heavy metals in plants can cause osmotic chang-
es, metabolic disturbances, and damage induced by the
production of ROS (Gill et al. 2011). Mineral stress
induced by Cd can reduce dry mass production by plants
and crop productivity (Marschner 2012). Melo et al.
(2011) have also observed inhibition of growth of soy-
bean plants when grown in tropical soils contaminated
with Cd.

Cadmium does not directly participate in redox reac-
tions within the cells, but causes oxidative damage due
to the production of ROS. In the present study, some key
enzymes of the antioxidant system exhibited high levels
of activities in roots and shoots of the plants in the
presence of Cd. Cadmium treatments applied to the soils
caused an increase in MDA content in the tomato shoots
and roots (Fig. 8), similar to that found by Melo et al.
(2011) in soybean plants. Exposure to high levels of

replications + SD. Different letters within each soil and each ge-
notype indicate significant differences among means (Tukey, 5 %)

ROS may cause disruption of the homeostasis and cause
oxidative damage to macromolecules, which may lead
to lipid peroxidation and severe damage to the cell
(Gratdo et al. 2008). Cadmium caused an increase in
MDA content in rice (Hsu and Kao 2007), Bacopa
monnieri (Mishra et al. 2006), tomato (Mediouni et al.
2006), Lemma polyrrhiza (John et al. 2007), and
Brassica juncea (Mobin and Khan 2007), probably as
a result of increased of H,O,.

Plants produce ROS because of their aerobic metab-
olism, especially during the respiration process and
photosynthesis (Halliwell 2006), but this H,O, content
remains at a low level due to the activity of the numer-
ous peroxidases such as CAT, APX, and GPOX en-
zymes (Gill and Tuteja 2010), among others. The pro-
duction of H,O, in both tomato genotypes increased due
to exposure to Cd (Fig. 9), despite increases in activity
of the antioxidant complex enzymes.

Three SOD isoenzymes (SOD 1, 2, and 3) were
identified following PAGE (Fig. 10) in a similar manner
to that reported by Nogueirol et al. (2015) for both CNPH
0082 and Calabash Rouge genotypes and for the CNPH

@ Springer



210 Page 16 of 20

Water Air Soil Pollut (2016) 227: 210

CLAY SOIL SANDY SOIL
M Calabash Rouge [ CNPH 0082 A M Calabash Rouge @ CNPH 0082 B

18 - 18
i z
£, | £
2 E 2
% £ % =
SF SE

= =
$E . CE |
g3 g3 a
Z z a a
z a a a a a a - a b a
: : - ml ml]
o Elr [ [ [ [ | o L mm | [ | |
0 3 6 12 0 3 6 12
Cd rates (mg kg™ soil) Cd rates (mg kg™' soil)
M Calabash Rouge [ CNPH 0082 C M Calabash Rouge [ CNPH 0082 D
18 - 18 a
a a ab a {‘

) o)
£ 2 £_ ab
€ g2 Eg124 a a
® = ® =
55 i b
£ 3 b b b 3
O g 6 - 6 4
32 g3
S b )
& b b [~

, M [ O o

0 3 6 12 0 3 6 12

Cd rates (mg kg™' soil)

Cd rates (mg kg™ soil)

Fig. 14 Guaiacol peroxidase activity (GPOX) in shoot (a, b) and
root (¢, d) of Calabash Rouge and CNPH 0082 genotypes, as
related to Cd rates in two soil types. Values are the means of three

0082 genotype only in the presence of Al. When antiox-
idant enzymes are taken into consideration, the increase
in SOD 3 activity observed in the shoots of CNPH 0082
and the roots of Calabash Rouge suggests that this iso-
enzyme may play an important role in cellular protection
against Cd toxicity. SOD is involved in the dismutation
of O*” into H,0, and is located in different cell organ-
elles (Gratao et al. 2005). The increase in SOD 3 activity
observed in the shoots of CNPH 0082 might play an
important role in cellular protection against Al toxicity,
whereas in the roots, a continuous increase in SOD
activity in plants grown in clay soil can indicate different
responses to the soil types used.

The CAT enzyme appears to be important in the
defense of the tomato plant against Cd (Chamseddine
et al. 2009), since it has increased activity in the plant
tissues where Cd was accumulated in higher concentra-
tion (Fig. 11), exhibiting a different behavior from other
studies which have shown that under high quantity of
Cd absorbed into the plant, CAT activity was reduced,
since this metal causes oxidation of thiol groups in this
enzyme (Benavides et al. 2005; Dal Corso et al. 2008).
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replications + SD. Different letters within each soil and each ge-
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The exposure of tomato plants to Cd resulted in
increased APX activity (Fig. 12). Plants, once exposed
to the metal, have shown increased activity of this
enzyme due to the activation of the ascorbate-
glutathione cycle (Anjum et al. 2011), since APX acts
to reduce H,O, by generating one molecule of H,O and
one molecule of monodehydroascorbate (Benavides
et al. 2005). Gill et al. (2012) reported increases in
APX activity in Lepidium sativum (plant garden cress)
in response to exposure to Cd concentration (0.22, 0.44,
and 0.88 mmol kg™ of soil).

The GR enzyme, although it is a key enzyme in the
ascorbate-glutathione cycle as it protects cells against
oxidative damage caused by Cd and recycles glutathi-
one (Foyer and Noctor 2005), did not exhibit any major
changes when the tomato plants were exposed to the
metal, except in the shoots of CNPH 0082 grown in
sandy soil (Fig. 13). Cadmium can be linked to SH
groups at the active position of the GR enzyme, and
through that it can induce the maintenance of glutathi-
one at its reduced state when Cd was supplied at 24 uM
(Chamseddine et al. 2009). This can explain why Cd
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changed only the activity of the APX enzyme in the
ascorbate-glutathione cycle.

GPOX activity also had high activity in the roots,
with similar behavior in both genotypes, indicating this
is an important enzyme in the detoxification of cells
against H,O, (Fig. 14).

5 Conclusions

Auvailable Cd contents in clay and sand soil were similar;
however, the plants grown in clay soil had higher N,
Mn, and Cd concentrations and showed higher dry mass
production. The soil characteristics influence the miner-
al elements availability for plant uptake.

Cadmium was phytotoxic to tomato plants causing a
nutritional imbalance, especially for the metabolisms of
N, P, and Mn. Nitrogen concentration in the plant is
lower when exposed to the highest Cd doses, probably
due to a disturbance in the N metabolism. An alternative
to reduce this problem would be the partial supply of
this nutrient in the form of NH," that the plant could
readily assimilate, as Cd may affect nitrate reductase
activity and change N concentration in plant tissue.

An oxidative stress condition was established in re-
sponse to the Cd treatments applied, which led to chang-
es in peroxidase activity. There is a need for more
comprehensive studies involving both the nutritional
balance and specific nutrients, such as N, which would
investigate the tolerance of plants to stress caused by
metals, which would then afford a better understanding
of the detoxification mechanisms that could contribute
to plant tolerance in areas where there are contaminated
metals.
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