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Abstract Tropical and subtropical soils are usually acid-
ic and have high concentrations of aluminum (Al). Alu-
minum toxicity in plants is caused by the high affinity of
the Al cation for cell walls, membranes, and metabolites.
In this study, the response of the antioxidant-enzymatic
system to Al was examined in two tomato genotypes:
Solanum lycopersicum var. esculentum (Calabash
Rouge) and Solanum lycopersicum var. cerasiforme
(CNPH 0082) grown in tropical soils with varying levels
of Al. Plant growth; activities of superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX),
guaiacol peroxidase (GPOX), and glutathione reductase
(GR) enzymes; stress-indicating compounds
(malondialdehyde (MDA) and hydrogen peroxide); and
morphology (root length and surface area) were ana-
lyzed. Increased levels of Al in soils were correlated with
reduced shoot and root biomass and with reduced root
length and surface area. Calabash Rouge exhibited low

Al concentrations and increased growth in soils with the
highest levels of Al. Plants grown in soils with high
availability of Al exhibited higher levels of stress indica-
tors (MDA and hydrogen peroxide) and higher enzyme
activity (CAT, APX, GPOX, and GR). Calabash Rouge
absorbed less Al from soils than CNPH 0082, which
suggests that the genotype may possess mechanisms for
Al tolerance.
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Introduction

Most plants are sensitive to acidic soils (pHH2O <5) and
to even micromolar concentrations of exchangeable alu-
minum (Al) in soils, indicating that Al toxicity can
reduce agricultural productivity to a significant degree
(Tamás et al. 2003). Aluminum availability increases in
acidic agricultural soils (pHH2O <5.5), which accounts
for approximately 40 % of arable land worldwide and
for approximately 66% of soils in Brazil (Vitorello et al.
2005).

Inhibition of root elongation is the first symptom of
Al toxicity, which may be associated with interference
in cell division and elongation (Sivaguru et al. 2013).
However, the exact mechanisms of inhibition by Al are
not yet clear (Ezaki et al. 2005). The root apex is the first
region to suffer inhibition due to Al, and this region
seems to play an important role in both Al toxicity and
resistance to Al (Matsumoto and Motoda 2013), but the
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precise mechanisms of those processes have not been
elucidated.

Several hypotheses exist regarding the potential
mechanisms underlying Al toxicity (and resistance) in
plants. These include alterations in the plasma mem-
brane, induction of oxidative stress due to lipid peroxi-
dation, interference in cell signaling and Al exclusion
via the exudation of organic acids, and higher pH levels
in the rhizosphere (Inostroza-Blancheteau et al. 2012;
Kanu et al. 2013). Each of these hypotheses is supported
by some indirect evidence, but there is not yet enough
evidence to indicate which hypothesis is the most likely.

Aluminum can cause a redox imbalance in cells that
produces a series of reactive oxygen species (ROS).
ROS can be combated by defense mechanisms that
involve various antioxidant enzymes, such as superox-
ide dismutase (SOD), ascorbate peroxidase (APX) cat-
alase (CAT), glutathione reductase (GR), glutathione S-
transferase (GST), and guaiacol peroxidase (GPOX)
(Gratão et al. 2005). Non-enzymatic compounds of
low molecular weight may also be involved, including
ascorbic acid, reduced glutathione, flavonoids, caroten-
oids, and uric acid (Cuypers et al. 2010; Gill et al. 2013).

Oxidative stress due to Al toxicity was first reported
by Cakmak and Horst (1991), who showed increased
lipid peroxidation and small increase in the activity of
antioxidant enzymes such as SOD and peroxidases as a
result of Al toxicity in the tips of soybean roots. More
recently, other evidence from physiological and genetic
studies supports the role of oxidative stress in Al toxicity
in plants because such stress is believed to inhibit cell
growth (Yamamoto et al. 2001, 2002; Matsumoto and
Motoda 2013). There is also evidence that the efficiency
of plant antioxidant systems plays an important role,
alongside the primary mechanisms of Al tolerance, in
increasing plant ability to recover from stress, by reduc-
ing the effects caused by ROS (Cai et al. 2011).

Evidence suggests that Al toxicity might be mediated
by oxidative stress and that the lower susceptibility of
Al-tolerant maize roots after exposure to Al is, in part,
due to increased activity of the antioxidant system
(Giannakoula et al. 2010). Identifying the mechanisms
of Al tolerance may make it possible to combine them to
produce more tolerant genotypes. The efficiency of the
plant antioxidant systems may thus be an important
attribute for increasing tolerance of Al stress in plants,
in a similar manner to what has beenwidely described in
the literature for other heavy metals and even other
abiotic stresses (Arruda and Azevedo 2009; Cia et al.

2012; Arruda et al. 2013; Boaretto et al. 2014; Bulbovas
et al. 2014) and in interaction with microorganisms in
the soil (Dourado et al. 2013, 2014).

The aim of this study was to quantify responses of the
antioxidant enzymatic system and other changes in
morphological parameters of two tomato genotypes—
Solanum lycopersicum var. esculentum (Calabash
Rouge, a commercial genotype chosen because it has
been shown to be susceptible to Cd and possibly Al) and
S. lycopersicum var. cerasiforme (the CNPH 0082 cher-
ry tomato, a wild genotype with greater likelihood of
tolerance) (Piotto 2012)—grown in tropical soils with
varying concentrations of Al.

Materials and methods

Plant material, growth, and treatments

The experiment was a greenhouse study carried out with
the tomato genotypeCalabashRouge (S. lycopersicum var.
esculentum) and the tomato genotype CNPH 0082
(S. lycopersicum var. cerasiforme). CNPH 0082 has been
previously described as Al tolerant and was selected in the
region of Porte Firme, in the Brazilian state of Minas
Gerais, where it was growing spontaneously and the soils
have high concentrations of Al. By contrast, the Calabash
Rouge genotype is native to Chiapas, Mexico, and shown
to be very sensitive to other toxic elements such as cadmi-
um (Cd), as described by Piotto (2012; see Piotto et al.
2014 for heavy metal-tolerant screening methodology).

Seeds of the two genotypes were treated with 50 %
commercial sodium hypochlorite and immediately
afterward planted in trays containing a vermiculite
substrate and irrigated every 2 days with Hoagland and
Arnon (1950) solution. After 40 days, seedlings were
transplanted to pots containing clay soil (670 g kg−1

clay, 70 g kg−1 silt, and 260 g kg−1 sand) or sandy soil
(130 g kg−1 clay, 30 g kg−1 silt, and 840 g kg−1 sand).
Pots with clay soil were treated with 0, 560, and
2240 mg kg−1 soil of corrective (applied as CaO), and
those with sandy soil were treated with 0, 280, and
1120 mg kg−1 soil. These lime rates were determined
using neutralization curves that were performed previ-
ously for each soil, with the goal of yielding high,
medium, and almost zero levels of Al in the clay and
sandy soils. Soils were collected from the 0–0.2-m layer
from areas with little anthropogenic disturbance (forest
f ragments) and had ini t ia l b ioavai lable Al
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concentrations of 14 mmolc kg
−1 in clay soil and 12 in

sandy soil. Bioavailable Al concentrations were extract-
ed in 1 mol L−1 KCl solution and determined by titration
in a 0.025mol L−1 NaOH solution (Halonen et al. 1983).

Al concentration

Plants were collected 18 days after being transplanted
onto soils with varying levels of Al. The plant material
was separated into shoots and roots and dried in a
forced-air oven at 65 °C for 72 h and then ground in a
Wiley mill. Nitric-perchloric digestion was performed
on the samples following Malavolta et al. (1997) and Al
concentrations determined by ICP-OES.

Root length and surface area

After separating roots from the soil, subsamples (~20 %
of the total fresh weight) were collected following
Rossielo et al. (1995), stained with 50 mg L−1 gentian
violet, and digitally photographed for subsequent mea-
surement of surface area and total root system length
using the Integrated System for the Analysis of Roots
and Soil Cover software ver. 3.0 (Crestana et al. 1994).

Lipid peroxidation and H2O2 content

2-Thiobarbituric acid (TBA) test to evaluate lipid per-
oxidation was used. Thiobarbituric acid reactive sub-
stance (TBARS) content was measured as the final
product of lipid peroxidation, with readings at 535 and
600 nm (Gratão et al. 2012). Malondialdehyde (MDA)
content was estimated by the specific equation for this
reaction (Mihara et al. 1980). H2O2 content was deter-
mined following Gay et al. (1999). The H2O2 in the
samples donates electrons to Fe, which then bonds to
xylenol during the 30-min incubation time. Readings
were taken with a spectrophotometer at 390 nm.

Root and shoot protein extraction and measurement

Plant samples used in enzyme analysis were collected and
immediately frozen in liquid nitrogen and maintained in a
freezer at −80 °C for further analysis. Proteins were ex-
tracted from 1-g tissue samples macerated using a mortar
and pestle with liquid nitrogen. Samples were homoge-
nized in a 100 mM, pH 7.5 potassium phosphate buffer
with 1 mM ethylenediaminetetraacetic acid (EDTA),
3 mM ditiothreitol (DTT), and 40 mg L−1 (p/v) PVPP

(polyvinylpolypyrrolidone) following Monteiro et al.
(2011). The homogenate was centrifuged at 10,000g for
30 min at 4 °C and the supernatant measured and stored in
a freezer at −80 °C until analysis. Total protein concentra-
tion was determined following Bradford (1976) using
bovine serum albumin (BSA) as a buffer.

Antioxidant enzymes

CAT

CAT was measured by the reaction of a mixture con-
taining 1-mL potassium phosphate buffer (100 mM,
pH 7.5) in 2.5 μL 30 % H2O2, to which 15 μL of the
protein extract was added. Activity was determined by
the decomposition of H2O2 for 1 min, read at 240 nm at
25 °C in a spectrophotometer (Monteiro et al. 2011).

APX

APX activity was measured by spectrophotometry at
290 nm. The reaction mixture consisted of a solution
containing 650-μL potassium phosphate buffer
(80 mM, pH 7.0), 100 μL ascorbate 5 mM, 100 μL
EDTA 1mM, 100 μL H2O2 1 mM, and 50 μL of extract
in a 30 °C water bath. H2O2 was added at the time of the
reading after 1 min in a quartz cuvette (Cakmak and
Horst 1991). APX activity (expressed as nmol ascorbate
min−1 mg−1 protein) was calculated using the extinction
coefficient 2.8 mM−1 cm−1 of ascorbate.

GR

GR activity was measured by spectrophotometry at
412 nm at 30 °C. Fifty microliters of extract was added
to the reaction mixture containing 3-mL potassium
phosphate buffer 100 mM pH 7.5, 1.5 mL 5.5′-dithio-
bis (2-nitrobenzoic acid, NBT), and 1 mM oxidized
glutathione and 0.1 mM NADPH. GR activity was
estimated by the reduction of oxidated glutathione
(Gratão et al. 2008) and expressed as μmol
min−1 mg−1 protein.

GPOX

GPOX activity was measured following Matsuno and
Uritani (1972). The reaction medium consisted of a
phosphate-citrate buffer at pH 5, guaiacol 0.5 %, and
the protein extract, heated at 30 °C for 15 min. An ice
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bath and the addition of 2 % sodium metabisulfite were
used to stop the reaction, and readings were taken at
450 nm.

Superoxide dismutase (SOD)

SOD activity was detected on a 9 % non-denaturing
polyacrylamide gel (PAGE). SOD activity staining
was carried out as described by Azevedo et al.
(1998). After non-denaturing-PAGE separation, the
gel was rinsed in distilled-deionized water and incu-
bated in the dark in 50-mM potassium phosphate
buffer (pH 7.8) containing 1 mM EDTA, 0.1 mM
nitroblue tetrazolium, 0.05 mM riboflavin, and
0.3 g L−1N,N,N0,N0-tetramethylethyllenediamine.
The gels were then rinsed with distilled-deionized
water and illuminated in water until the achromatic
bands of SOD activity were visible on a purple-stained
gel. Bovine SOD buffer was used as a standard.

Statistical analysis

The results were expressed as the means and standard
deviations of the means (±SD) of three independent
replications of root and shoot dry mass production; Al
concentration; root length and surface area; and the
enzymatic assays for each extraction of TBARS and
H2O2 content and CAT, GR, GPOX, APX, and SOD
activity.

Results

Al content in the soil

Al availability varied of the equivalent of 0, 560, and
2240 mg kg−1 of lime in clay soil and 0, 280, and
1120 mg kg−1 in sandy soil. These treatments resulted
in high, medium, and low Al availability for the plants.

Fig. 1 Shoot (a, b) and root (c, d) dry mass (g dry wt) of plants
grown over a 58-day period since germination, as related to lime
rates in two soil types. Values are the means of three replications±

SD. Different letters within each genotype indicate significant
differences among means (Tukey, 5 %)
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Mean exchangeable Al concentrations in clay soils with
each treatment were 12, 5.2, and 0.3 mmolc kg

−1, re-
spectively, and in sandy soils 11.8, 5.0, and 0.0 mmolc
kg−1, respectively. A high amount of lime materials was
applied to the clay soil because it had higher buffer than
the sandy soil, in order to reach about the same ex-
changeable Al concentrations in both soils. The amount
of the cationic Al species depends on the soil type, and
clay soils are usually richer in Al components than
sandy soils (Mengel and Kirkby 2001).

Growth analysis

Although shoot growth was lowered as the concentra-
tions of available Al was increased, Calabash Rouge
genotype exhibited growth increase in shoot more pro-
nounced than CNPH 0082 at all Al available concentra-
tions in both soil types (Fig. 1a and b).

At the highest concentration of available Al (i.e., no
lime), the Calabash Rouge genotype exhibited shoot dry
weight 2.4 (in clay soil) and 6.2-fold (in sandy soil)
more pronounced than those of CNPH 0082 (Fig. 1a
and b), whereas shoot dry weight of Calabash Rouge
genotype was 11.4 and 2.5-fold reduced at the highest
concentrations of available Al (no lime) than at the
lowest (2240 and 1120 mg kg−1 lime rate) in clay and
sandy soils, respectively. The values observed for
CNPH 0082 were 14.4 and 13-fold, respectively.

Root growth also decreased with increasing levels of
available Al for both genotypes (Fig. 1c and d). In clay
soil, root dry weight of Calabash Rouge was 2.2-fold
greater than that of CNPH 0082 when grown at the
highest Al concentration (without lime). In sandy soil,
the comparable value was 2-fold. Root dry weight of
Calabash Rouge was 1.9 and 4.3-fold lower at the
highest Al concentration than at the lowest

Fig. 2 Aluminum concentrations in shoots (a, b) and roots (c, d)
of Calabash Rouge and CNPH 0082 genotypes, as related to lime
rates in two soil types. Values are the means of three replications±

SD. Different letters within each genotype indicate significant
differences among means (Tukey, 5 %)
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concentration, in clay and sandy soils, respectively. The
comparable values for CNPH 0082 were 5 and 3.3-fold,
respectively.

Al concentration

Treatments with lime reduced the amount of Al taken up
by both tomato genotypes used (Fig. 2a and b). Al
absorption was similar in both genotypes when grown
in clay soil. In sandy soils with the highest Al concen-
trations (no lime), CNPH 0082 exhibited 4.4-fold more
Al in shoots than Calabash Rouge.

An increase in Al accumulation was more pro-
nounced in roots than in shoot tissues in both genotypes
and in both soils. Al root concentrations decreased with
increasing amounts of lime (Fig. 2c and d). At the
highest level of available Al in clay soils (no lime), Al
root concentration was 1.6-fold higher in CNPH 0082
than in Calabash Rouge (Fig. 2c and d).

Root length and surface area

The Calabash Rouge genotype exhibited longer roots
(Fig. 3a and b) and greater root surface area (Fig. 3c and
d) than CNPH 0082, but both genotypes exhibited lon-
ger roots and greater root surface area in sandy soils at
the same time that they also exhibited increased root
length and surface area with increased rates of lime in
both soils (Fig. 3).

Lipid peroxidation and H2O2 content

Lipid peroxidation (expressed as MDA content) was
induced by the availability of Al in the soils. Calabash
Rouge exhibited the highest values for both shoot and
roots tissues in both soil types at the highest availability
of Al (no lime, Fig. 4). The shoot tissue exhibited higher
peroxidation rates (Fig. 4a and b) when compared to the
root tissue in clay soil (Fig. 4c).

Fig. 3 Root length (a, b) and root surface area (c, d) of Calabash
Rouge and CNPH 0082 genotypes, as related to lime rates in two
soil types. Values are the means of three replications±SD.

Different letters within each genotype indicate significant differ-
ences among means (Tukey, 5 %)
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Plants subjected to stress caused by high Al avail-
ability exhibited increased H2O2 concentrations in both
shoots (Fig. 5a and b) and roots (Fig. 5c and d). Cala-
bash Rouge exhibited higher H2O2 concentrations than
CNPH 0082 at all concentrations of available Al. Cala-
bash Rouge produced more H2O2 in sandy soils than in
clay soils.

Antioxidant enzymes

SOD activity in extracts of plants was determined based
on the separation of isoenzymes by non-denaturing
PAGE (Fig. 6). Three distinct SOD isoenzymes were
detected in shoot and roots (bands I, II, and III). Al-
though a densitometric analysis was not carried out, it
was observed that roots of plants grown in clay soil
exhibited a continuous increase of SOD band I, II, and
III intensities for both genotypes with decreased levels
of available Al, while roots of plants grown in sandy soil
exhibited very similar levels of activity for treatments
and genotypes (Fig. 6c and d). In shoots, increases in

SOD band II and III intensities were observed for the
CNPH 0082 genotype for both soils with decreased
levels of available Al (Fig. 6a and b), being more pro-
nounced for SOD band III.

In clay soils, CAT activity was much more pro-
nounced in CNPH 0082 than in Calabash Rouge, while
in sandy soils, CAT activity was much pronounced in
Calabash Rouge (Fig. 7a and b). CAT activity in roots
was more pronounced in CNPH 0082 in both soils
(Fig. 7c and d). CAT activity in roots was 1.5 and 4.0-
fold higher than CAT activity in shoots of both geno-
types in clay soil with the highest levels of available Al
(no lime). The comparable numbers for sandy soil were
1.1 and 6.1-fold greater.

APX activity increased with increasing Al availabil-
ity on both soils in both genotypes (Fig. 8). APX activity
was less pronounced in shoots (Fig. 8a and b) than in
roots (Fig. 8c and d). APX activity was very low at the
lowest level of available Al in clay and sandy soils
(2240 and 1120 mg kg−1 of lime, respectively). APX
activity was more pronounced in Calabash Rouge than

Fig. 4 Lipid peroxidation measured as malondialdehyde (MDA)
concentration in shoots (a, b) and roots (c, d) of Calabash Rouge
and CNPH 0082 genotypes, as related to lime rates in two soil

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

Environ Monit Assess (2015) 187: 73 Page 7 of 16 73



in CNPH 0082 only in the shoots of plants grown in clay
soils (Fig. 8a), when the plants were grown without lime
and with 560 mg kg−1 of soil corrective.

GR activity increased with increasing levels of avail-
able Al in soils and peaked at the highest level of
available Al (no lime). In clay soils, GR activity was
muchmore pronounced in CNPH 0082 than in Calabash
Rouge for both shoots and roots (Fig. 9a and c) and was
7-fold higher in roots than in shoots. In sandy soils, by
contrast, GR activity was similar in both tomato geno-
types (Fig. 9b and d).

GPOX activity was higher in roots (Fig. 10c and d) of
CNPH 0082 than in those of the Calabash Rouge geno-
type. GPOX activity in shoots at the highest levels of
available Al (no lime) was similar in both genotypes in
both soils (Fig. 10a and b).

The difference found in the activities of enzymes
related to the antioxidant system was evident between
the genotypes and between plants grown in both soils.
Generally, the enzyme activity was higher in roots than
in shoots.

Discussion

Exposure to biotic or abiotic stress factors can alter the
redox metabolism, culminating in an imbalance be-
tween the pathways that produce ROS and the pathways
that detoxify those species. The result of this process is
an increase in ROS concentrations and consequent dam-
age to cell structure (Gratão et al. 2005).

The aim of this study was to assess and understand
the effects of Al on the antioxidant enzymatic system of
two tomato genotypes, which were previously shown to
display different tolerance levels to Al (Piotto 2012). Al
concentrations in soil varied using soil lime rates that
neutralized the phytotoxic effect of the metal to varying
degrees in clay and sandy soils, yielding high, medium,
and low levels of Al in soils that have naturally high Al
concentrations.

Some growth parameters, such as root and shoot dry
mass and root length and surface area, declined with
increasing levels of available Al in soils. This was
expected, given the well-known toxic effects of Al on

Fig. 5 Hydrogen peroxide (H2O2) concentration in shoots (a, b)
and roots (c, d) of Calabash Rouge and CNPH 0082 genotypes, as
related to lime rates in two soil types. Values are the means of three

replications±SD. Different letters within each genotype indicate
significant differences among means (Tukey, 5 %)
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roots. Within a number of known Al effects, the binding
to cell walls interfering with root elongation (Rangel
et al. 2009), the interaction with cell membranes, and
the alteration of the uptake of nutrients and water
(Purcino et al. 2003) must be highlighted. Inhibited
growth caused by Al-induced stress has been reported
for hops (Guo et al. 2004), rice (Ma et al. 2007), sun-
flower (Gallego et al. 2002), and mustard (Pandey et al.
2005). Yet and despite the declines mentioned, Calabash
Rouge, an Al-sensitive genotype (Piotto 2012), was
more tolerant to Al than CNPH 0082 at almost every
level of available Al and in both soils (Figs. 1 and 3).
Calabash Rouge appears to have internal defense mech-
anisms, such as the complexation of Al by organic acids
or low-molecular-weight proteins, that are more effi-
cient than those in CNPH 0082, since Calabash Rouge
exhibited more pronounced growth, longer roots, and
more root surface area than CNPH 0082 at lower or
similar Al concentrations in the plant. Most plants that
are Al tolerant minimize toxic effects of Al in Al-rich
soils by releasing organic acids such as exudates of
malate, citrate, and oxalate through the roots (Kochian

et al. 2004). For some plant species, such as sorghum
and wheat, the complex formed by organic acid and Al
prevents Al from entering cells (Magalhães et al. 2007),
which reduces the potentially toxic concentration in the
roots (Ma et al. 2001). However, it is also important to
take into consideration the amount of time that plants are
exposed to the metal, and experiments that incorporate
both varying levels of Al in soils and varying exposure
times are needed to test this hypothesis.

The stress indicators MDA and H2O2 exhibited
higher values for Calabash Rouge at almost all Al con-
centrations and in both soils (Figs. 4 and 5). H2O2 is
known to play a role in cellular expansion by facilitating
the expanding abilities of the cell wall, and for that
reason, growth can restrict a greater impact of peroxide,
as shown by the more pronounced growth of Calabash
Rouge. The drastic increase in the production of H2O2

was a function of Al availability, especially in sandy
soil, where Al is less tightly retained by the cationic
exchange complex of the soil (Fig. 5), and applying lime
thus had a very clear influence, reducing stress and
H2O2 production. Calabash Rouge absorbed less Al

Clay Soil                                    Sandy Soil 

Calabash Rouge       CNPH 0082
  1    2        3        4      1        2       3       4      

Calabash Rouge              CNPH 0082 
  1      2       3       4      1         2     3      4       

Calabash Rouge CNPH 0082
1        2      3      4        1      2        3      4       

A

      Calabash Rouge         CNPH 0082  (a)   
1        2        3      4     1         2      3       4

B

I 

II 

III 

I 

II 

III 

C D
Fig. 6 Activity staining for superoxide dismutase (SOD) follow-
ing non-denaturing polyacrylamide gel electrophoresis of extracts
of shoots (a, b) and roots (c, d) of Calabash Rouge and CNPH
0082 plants grown over an 18-day period in the presence of

treatments. The lanes listed in clay soil are 1 bovine SOD standard,
2 control, 3 560 mg kg−1 soil, and 4 2240 mg kg−1 soil. The lanes
listed in sandy soil are 1 bovine SOD standard, 2 control, 3
280 mg kg−1 soil, and 4 1120 mg kg−1 soil
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than CNPH 0082 but was more sensitive in terms of
producing H2O2 with lower quantities of absorbed Al.
Similar increases in H2O2 production in Al-exposed
plants have been found in rice (Ma et al. 2007), hops
(Tamás et al. 2004), and tobacco leaves (Zhang et al.
2009).

Calabash Rouge may also have mechanisms to in-
hibit uptake of Al in the roots. Some plant species are
known to have organic acid exudates that detoxify Al in
the rhizosphere through chelation (Ma et al. 2001).
Organic acid transport is mediated by ionic channels in
the plasma membrane that are activated by Al, as found
in wheat and corn (Ma et al. 2001). It is thus possible
that Calabash Rouge produces organic acids that either
minimize uptake by the roots or form organic acid metal
complexes that precipitate Al into non-soluble com-
plexes that make it impossible to detect. Such hypothe-
ses are currently being investigated in an ongoing pro-
ject in our laboratory.

The redox status of plants depends on the trade-off
between production and consumption of ROS over time

(Gratão et al. 2005; Sharma and Dubey 2007). Under
stressful conditions, including metal toxicity, this trade-
off depends on enzyme activity of the plant antioxidant
system (Gratão et al. 2005; Cia et al. 2012; Boaretto
et al. 2014). In this study, it was attempted to understand
how the antioxidant systems of two tomato genotypes
respond to Al exposure and what relationships exist
among toxicity, oxidative stress, and plant growth in
two tropical soils. In general, the results support the idea
that the oxidative state of the two genotypes was affect-
ed differently by Al availability in the two tropical soils
studied. The physiological response to stress can be
divided into two parts; the first consists of enzymes that
fight ROS directly, such as SOD and peroxidases such
as CAT, APX, GPOX, and glutathione peroxidase
(GSH-Px) (Gratão et al. 2012), while the second and
just as important part is a redox system in the cellular
metabolism that encompass the enzymes GR and GST
and non-enzymatic compounds, such as reduced gluta-
thione (GSH) (Ghelfi et al. 2011). Increases in the
production of MDA and H2O2 and total activity of the

Fig. 7 Catalase (CAT) activity in shoots (a, b) and roots (c, d) of
Calabash Rouge and CNPH 0082 genotypes, as related to lime
rates in two soil types. Values are the means of three replications±

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

73 Page 10 of 16 Environ Monit Assess (2015) 187: 73



SOD, APX, CAT, and GR enzymes have been clearly
documented in plants subjected to Al-induced stress,
including potato (Tabaldi et al. 2009), tobacco (Yin
et al. 2010), rice (Ma et al. 2007; Wang and Kao
2007), and hops (Guo et al. 2004; Simonovicova et al.
2004).

When antioxidant enzymes are concerned, SOD is
involved in the dismutation of O2− into H2O2 and is
located in different cell organelles (Azevedo et al. 1998).
The increase in SOD III activity observed in shoots of
CNPH 0082 might play an important role in the cellular
protection against Al toxicity, whereas in the roots, a
continuous increase in SOD activity in clay soil can
indicate different responses depending on the soil types
used.

When the activity of enzymes that directly combat
ROS is concerned, CAT activity was shown to respond
differently in different plant parts and soil types. The
highest CAT activity observed in roots of the tomato
genotypes is likely to be a response to the higher con-
centrations of Al found in roots than in shoots (Fig. 7).
With the increasing amounts of lime applied, CAT

activity declined reflecting the reduced availability of
Al in the soil and consequently to the tomato plants.
This increase in CAT activity can be considered a plant
defense mechanism against H2O2 (Darko et al. 2004),
and greater CAT activity occurred at the Al concentra-
tion when H2O2 was also highest. For instance, tea
(Ghanati et al. 2005), wheat (Darko et al. 2004), and
potato (Tabaldi et al. 2009) plants have also shown
increased CAT activity in response to Al exposure.

APX activity was shown to be much more pro-
nounced in the roots and shoots of the two tomato
genotypes when the plants were grown without lime
(i.e., when available Al level was greatest, Fig. 8). In-
creases in APX activity have been shown to be associ-
ated with high level of ascorbic acid and reduced level
of H2O2 (Dipierro et al. 2005), both aimed at eliminating
ROS. Moreover, increases in APX activity under Al-
induced stressful conditions have also been observed in
rice (Sharma and Dubey 2007) and rye (Silva et al.
2013) following 2–3 weeks of exposure to the metal.
In soybean roots, APX activity increased linearly with
Al concentration and exposure time (24, 36, and 48 h;

Fig. 8 Ascorbate peroxidase (APX) activity in shoots (a, b) and
roots (c, d) of Calabash Rouge and CNPH 0082 genotypes, as
related to lime rates in two soil types. Values are the means of three

replications±SD. Different letters within each genotype indicate
significant differences among means (Tukey, 5 %)
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Du et al. 2010). Such findings support the suggestion
that APX plays an important role in detoxifying H2O2

under stressful conditions, as those used in this study.
GR was the enzyme that exhibited the greatest dif-

ferences in tomato plants grown in soils of differing
textures (Fig. 9). GR activity was similar in shoots and
roots for the two tomato genotypes within a single soil
type. In clay soil, both genotypes exhibited higher GR
activity in the roots than in the shoots, and a similar
pattern was found in sandy soil. Aluminum is more
available for plants to absorb in sandy soils, given that
in clay soils, Al is retained in a cationic exchange
complex (Mengel and Kirkby 2001). GR activity
followed the same pattern as Al absorption by the ge-
notypes, resulting in increased activity at the highest
levels of Al absorption by plants. The literature shows
that increases in GR activity have also been observed in
hops (Tamás et al. 2006), rice (Sharma and Dubey
2007), and rye (Silva et al. 2013) plants when subjected
to Al exposure. Therefore, maintaining GSH at adequate
levels appears to be important for roots as well as for

shoots when plants are exposed to Al for long periods of
time.

GPOX activity was also high in roots, especially in
CNPH 0082, and is another important enzyme involved
in H2O2 detoxification. GPOX activity levels were sim-
ilar in the two tomato genotypes grown in clay and
sandy soils (Fig. 10). In shoots, the activity was similar
between the genotypes at the highest levels of available
Al (no lime), while in the roots GPOX, activity was
greater in CNPH 0082. These results clearly indicate
that GPOX was the enzyme least influenced by soil
type, showing equal responses in sandy and clay soils.
Other studies with Al have reported increases in GPOX
activity when plants are exposed for 72 h to Al in roots
(Hossain et al. 2005; Meriga et al. 2004; Simonovicova
et al. 2004) and for 4 h in shoots (Panda and Matsumoto
2010).

Metal affinity to the soil colloids is greatly important
for the availability of such elements to plants. By grow-
ing soybean with added toxic elements (Ba and Cd) to
soil types in a greenhouse experiment, Melo et al. (2011)

Fig. 9 Glutathione reductase (GR) activity in shoots (a, b) and
roots (c, d) of Calabash Rouge and CNPH 0082 genotypes, as
related to lime rates in two soil types. Values are the means of three

replications±SD. Different letters within each genotype indicate
significant differences among means (Tukey, 5 %)
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found that soil type was the main factor affecting plant
responses to metal availability. They also reported that
the changes in enzyme activities were more dependent
on soil type and period of exposure than on the metal
concentrations in the soil. Some enzymes that act in the
antioxidant system only exhibited increased activities
after a long period of exposure to the toxic element,
which confirms the importance of long-time experi-
ments involving soil, metals, and antioxidant system
studies in plants, as well as the use of chronic and acute
treatments (Gratão et al. 2008).

In this study, it is demonstrated that the two tomato
contrasting genotypes for Al tolerance/sensibility varied
in their responses to Al toxicity when grown in two soil
types. This highlights the importance of studying re-
sponses of the antioxidant systems of plants grown in
soils of varying both attributes and concentrations of
metals. It is important to mention that the large majority
of reports have consistently used hydroponic systems to
investigate the responses of plants to metals, whereas in
this experiment, plant genetic diversity, Al concentration,
and soil type were combined. Additionally, the better

understanding of tomato plant tolerance to metal-
induced stress and the strategies involved to minimize
the stress established are key important sources of infor-
mation that can be applied to agricultural practices with
other crop plants in similar situations. This study dem-
onstrates the need for experiments on plant responses to
long-term exposure to Al, which should better reflect
responses under real-world conditions where plants are
grown in naturally Al-rich soils. Future research should
focus also in exposure period and on microorganisms
which can influence on the availability and absorption of
the metal ion (Andrade et al. 2009; Li et al. 2009).

In conclusion, despite the fact that tropical soils are
naturally rich in Al, the toxic effect of the element can
easily be remediated by liming the soil to increase soil
pH and reduce Al availability to plants. The magnitude
of the toxic effects of Al may also vary with soil type
and the metabolic defense mechanisms of the tomato
genotypes. Future studies with longer exposure of the
plant to the metal are needed to elucidate the mecha-
nisms of tolerance of crops to phytotoxic effects of Al
when grown in soils rich in this element.

Fig. 10 Guaiacol peroxidase (GPOX) activity in shoots (a, b) and
roots (c, d) of Calabash Rouge and CNPH 0082 genotypes, as
related to lime rates in two soil types. Values are the means of three

replications±SD. Different letters within each genotype indicate
significant differences among means (Tukey, 5 %)
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