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a b s t r a c t

The response of tobacco (Nicotiana tabacum L.) wild type SR1 and catalase-deficient CAT1AS plants was
evaluated after exposure to CdCl2. CAT1AS plants accumulated more Cd than SR1 plants, and this was
associated with reduced growth, but higher chlorophyll content and cell viability. Despite catalase defi-
ciency, CAT1AS plants did not accumulate more H2O2 than the wild line when exposed to Cd, probably due
to the fact that CAT1AS plants counterbalanced their catalase deficiency by increasing the constitutive
guaiacol peroxidase and ascorbate peroxidase activities and by reducing the basal NADPH oxidase-like
enzyme activity. Both lines could activate their antioxidant system upon Cd stress, although the stress
response pathways showed wide differences in the mineral and nitrogen metabolism, since the wild-type
icotiana tabacum
atalase
eactive oxygen species

line had reduced nitrates and iron content, while CAT1AS maintained the same level of nitrates and Fe
than that of non-treated plants, and responded with a significant increase in proline. The results showed
that, unlike previous reports using other type of stress with the same line plants, catalase did not play a
crucial role in protecting against Cd toxicity and CAT1AS plants, compared to SR1, were able to activate
alternative defence mechanisms against Cd toxicity.
. Introduction

Metals from anthropogenic sources frequently pollute natural
ystems. The biota may require some of these elements considered
ssentials (like Fe, Zn, Cu or Mo) in trace quantities, but at higher
oncentrations they may become toxic. However, metals like Cd,
b or Al are non-essential and toxic even at very low levels.

Cadmium (Cd) is a metal widespread in soils, water and atmo-
phere and it has gained considerable attention over the past
ecade due to its increased presence in the environment (Sanità
i Toppi and Gabbrielli, 1999; Benavides et al., 2005; Gratão et al.,
005; Gallego et al., 2012). Since 1980, the attention shifted to the

ecognition of Cd as an important environmental problem, with
pidemiological studies focusing on the importance of low-level
xposures in human health and its widespread toxicity amongst
ildlife (Sanità di Toppi and Gabbrielli, 1999; Järup and Åkesson,

009; Clemens et al., 2013). As a consequence of the documented

Abbreviations: APOX, ascorbate peroxidase; CAT, catalase; DAB, 3,3′-
iaminobenzidine; DPI, diphenyleneiodonium; GPOX, guaiacol peroxidase; NBT,
itroblue tetrazolium; PRO, proline; ROS, reactive oxygen species; SOD, superoxide
ismutase; TBARS, thiobarbituric acid reactive substances.
∗ Corresponding author. Tel.: +54 11 964 8237; fax: +54 11 4508 3645.

E-mail addresses: mbenavi@ffyb.uba.ar, mpbenav02@gmail.com
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adverse health effects of Cd-containing aerosols and particles, leg-
islation and technological improvements have resulted in a steady
decline in Cd emissions (Clemens et al., 2013). Cadmium is con-
sidered a class 1 human carcinogen by the International Agency for
Research on Cancer (IARC, 1993), though it is only weakly genotoxic
(Beyersmann and Hartwig, 2008).

Low Cd2+ concentrations in the soil solution in combination
with a low diffusion coefficient for Cd2+ in aqueous solution sug-
gests that transpiration driven mass-flow of the soil solution will
dominate in the delivery of Cd2+ to plant roots (Lux et al., 2011).
Cd can affect cell biochemical mechanisms and structural aspects,
for example, by lowering the control of the cell redox state, so
alterating photosynthesis (Qian et al., 2010), stomatal conductance
and the leaf transpiration (Souza et al., 2011), water relations and
mineral uptake (He et al., 2011; Gill et al., 2012), and causing oxida-
tive stress and disruption of membrane composition and function
(Cuypers et al., 2011; Azevedo et al., 2012; Gallego et al., 2012).
Hence, a complex biochemical pathway within the cell can be trig-
gered concurrently with transcription regulation of Cd-responsive
genes, such as induction of antioxidant systems (Gratão et al., 2012).

The excessive production of ROS, such as superoxide anion (O2
−)
and hydrogen peroxide (H2O2), is one of the main mechanisms
by which plants are damaged during stress, for which they have
evolved non-enzymatic (mainly ascorbate and glutathione) and
enzymatic (SOD, CAT and peroxidases) protection mechanisms that

dx.doi.org/10.1016/j.envexpbot.2014.07.008
http://www.sciencedirect.com/science/journal/00988472
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fficiently scavenge them. Such oxidative stress has been shown to
ccur in plants exposed to high and low temperatures, particularly
n combination with high light intensities, drought, exposure to air
ollutants, ultraviolet light, metals and herbicides (Vranová et al.,
002; Mittler et al., 2004; Gill and Tuteja, 2010; Gallego et al., 2012;

annone et al., 2012).
Several species of the genus Nicotiana markedly differ by their

bility to accumulate Cd (Doroszewska and Berbec′, 2004). Despite
admium accumulation in different plant species preferentially
ccurs at root level (Wu et al., 2004; Lux et al., 2011; Clemens et al.,
013), some reports indicate that Nicotiana tabacum L. can accu-
ulate relatively high Cd concentrations in leaves. Moreover, the

lants used in the present study are CAT-deficient plants, which
rovide an additional tool to investigate the Cd-induced oxidative
tress and Cd toxicity effect in planta, by following changes in H2O2
omeostasis in a non-invasive way (Dat et al., 2003). Catalase is the
ajor scavenging enzyme in the degradation of photorespiratory
2O2 (Kendall et al., 1983). The role of H2O2 signaling during the

nduction of defense responses has been studied in CAT1AS plants,
hich have a reduced catalase activity in the peroxisomes, growing
nder high irradiance or pathogen attack (Willekens et al., 1995,
997; Chamnongpol et al., 1998; Dat et al., 2003). Three differ-
nt catalase (Cat1, Cat2, and Cat3) genes have been identified from
icotiana plumbaginifolia that are highly similar in sequence. Catl
RNA levels are most abundant in leaves, but not in roots. Cat2 is

uite constitutively expressed and Cat3 mRNA is equally expressed
n root, stem, seeds and young leaf (Willekens et al., 1994). Tobacco
AT1AS transgenic plants, in a similar way to the original barley
utant RPr 79/4 (Kendall et al., 1983), presented a catalase activ-

ty of 10% of the wild type activity in the leaves, but a comparable
nzyme activity in the roots of the wild type and the mutant line
as observed. However, while barley RPr 79/4 line was unable to

row satisfactorily in normal air, CAT1AS plants grow less than wild
ype plants but well enough in our experimental conditions.

In the present work, N. tabacum leaves were chosen as study
aterial, in order to better understand Cd accumulation in the

erial part of a non-hyperaccumulator plant and to evaluate the
esponse of tobacco plants against Cd stress in relation to ROS
etoxification strategies in a plant deficient in H2O2 scavenging.

In this context, the aim of this work was to evaluate cadmium
oxicity in tobacco plants through the study of different parameters,
uch as growth, oxidative stress generation, membrane damage
nd cell death in wild type (SR1) and transgenic tobacco catalase-
eficient (CAT1AS) plants, irrigated with two concentrations of
dCl2 (100 and 500 �M) for 8, 13 and 25 days.

. Materials and methods

.1. Plant growth conditions and treatments

Seeds of N. tabacum var. Petit Havana SR1 wild type and N.
abacum CAT1AS (a transgenic line that expresses only 10–30% of
ild-type catalase activity in the leaves and only 40% in the roots
ue to the antisense expression of the cat1 gene, kindly provided by
r. F. Van Breusegem from Ghent University, Belgium) derived from
. tabacum Petit Havana SR1 (Chamnongpol et al., 1998) were ger-
inated and grown as described previously (Chamnongpol et al.,

998), in a controlled environmental chamber with a relative
umidity of 70% and temperature of 24/21 ◦C for 16 h light/8 h dark,
ith a light intensity of 120 �mol m−2 s−1 (this light intensity was

hosen since the severe reduction in catalase activity had no appar-

nt consequences under moderate light intensities, as reported by
hamnongpol et al. (1998)), and watered with Hoagland nutri-
nt solution (Hoagland and Arnon, 1950). After 30 days of growth,
seedlings were transferred to plastic trays containing humus,
rimental Botany 109 (2015) 201–211

perlite and vermiculite in 1:1:1 ratio and were grown in the same
conditions described above. Since day 43, plants were treated as fol-
lows: control plants with Hoagland solution (C) and treated plants
with Hoagland solution supplemented with 100 or 500 �M CdCl2
(Cd 100; Cd 500). After 8, 13 or 25 days of treatment, plants were
harvested and immediately used or frozen and stored for subse-
quent analysis.

2.2. In situ O2
− localization

O2
− content was estimated using a 0.05% solution of nitroblue

tetrazolium (NBT), which reacts with O2
− and produces a blue pre-

cipitate of formazan. DPI (a NADPH oxidase inhibitor) was used as
a control (Bolwell et al., 1998; Frahry and Schopfer, 1998).

2.3. In situ H2O2 localization

H2O2 formation was determined by an histochemical method
using 3,3′-diaminobenzidine (DAB). The appearance of brown spots
is indicative of H2O2 formation (Thordal-Christensen et al., 1997).
Ascorbic acid (an antioxidant) was used as a control.

2.4. Analysis of Cd and Fe in leaves

Cadmium and iron content were determined in tobacco leaves
watered for 25 days with 100 �M or 500 �M CdCl2. To analyze the
metal concentrations in foliar tissues, leaves were dried for 15 days
at 80 ◦C and the fine powder obtained (about 100 mg DW) was
digested in a mixture (HNO3:HClO4 3:1 v/v) at 170 ◦C, and metals
determination were performed by flame atomic absorbance spec-
trometry Perkin Elmer AAnalyst 300.

2.5. Chlorophyll content

For chlorophyll determination, 100 mg FW of tobacco leaves
were incubated in 5 ml of 96% ethanol at 50–60 ◦C for 1 h or until
complete decolourization. Chlorophyll content was then analyzed
spectrophotometrically at 654 nm on the ethanolic supernatant in
a Hitachi U-2000 spectrophotometer, as described by Wintermans
and De Mots (1965).

2.6. Cell death detection

2.6.1. Evans blue staining
To determine changes in cells viability upon exposure to cad-

mium, tobacco leaves were incubated with a 0.25% (w/v) aqueous
solution of Evans blue (Baker and Mock, 1994) during 15 min at
room temperature, then washed twice with distilled water and
left in distilled water overnight. Then the samples were incubated
1 h at 50 ◦C with a methanol-SDS solution and the absorbance was
measured at 595 nm.

2.6.2. Electrolyte leakage
For electrolyte leakage measurement, leaf samples were thor-

oughly washed with distilled water and kept in closed vials with
10 ml of deionized water. To estimate ion leakage from leaf discs
(Shou et al., 2004), conductivity of each solution was measured at
the initial time (T0), after the incubation with the different treat-
ments (T1) and after heating at 100 ◦C for 1 h (T2). The results were
expressed as relative conductivity [(T1 − T0)/(T2 − T0)] × 100.

2.7. Thiobarbituric acid reactive substances (TBARS)

determination

The level of lipid peroxidation products in leaves was deter-
mined by estimating thiobarbituric acid reactive substances
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Fig. 1. Cadmium content in SR1 and CAT1AS plants exposed to 100 or 500 �M Cd
for 25 days was measured as described in Section 2. Values are the mean ± SE from

trol SR1 plants from the beginning of the experiment (Fig. 2).
Despite chlorotic symptoms (indicated with arrows in Fig. 2)
were more evident in SR1 line, the water absorption capac-
ity of leaves were comparable in both lines, showing a little
M.F. Iannone et al. / Environmental an

TBARS) as described by Heath and Packer (1968). TBARS content
as calculated using the extinction coefficient (155 mM−1 cm−1).

.8. Subcellular fractionation and assay of NADPH oxidation

NADPH oxidase activity was measured in the microsomal frac-
ion and in the cytosol by monitoring NBT reduction by NADPH at
30 nm for 3 min, according to Shen et al. (2000). NADPH oxidation
ctivity was calculated by taking the difference between the appar-
nt reaction rates with or without SOD (75 U ml−1) in the reaction
ixture, using ε = 12.8 mM−1 cm−1.

.9. Enzyme preparations and assays

Plant homogenates for determination of ascorbate peroxidase
APOX, EC 1.11.1.11), guaiacol peroxidase (GPOX, EC 1.11.1.7),
uperoxide dismutase (SOD, EC 1.15.1.1) and catalase (CAT, EC
.11.1.6) were prepared in 50 mM phosphate buffer pH 7.8 con-
aining 0.5 mM EDTA, 1 g PVP, and 0.5% (v/v) Triton X-100. APOX
ctivity was immediately determined in the supernatant accord-
ng to Nakano and Asada (1981). GPOX activity was determined as
escribed by Maehly and Chance (1954), SOD activity was assayed
s described by Becana et al. (1986) and CAT activity was deter-
ined according to Chance et al. (1979).

.10. Nitrate content

Tobacco leaves were dried at 85 ◦C until constant weight. The
ried material (25 mg) was grounded to powder and incubated in
0 ml of distilled water for 2.5 h.

Nitrates were measured colorimetrically after a reaction with
alicylic acid (Cataldo et al., 1975).

.11. GSH and GSSG determination

The oxidized and reduced glutathione were measured by a
uorometric assay described by Hissin and Hilf (1976) with a mod-

fication reported by Cohn and Lyle (1976). Fresh plant material
300 mg) was homogenized with 3 ml of 3% sulfosalicylic acid. After
entrifugation at 10,000 × g for 20 min at 4 ◦C, the supernatants
ere used for the analyses

.12. Proline determination

Proline content was determined according to Bates et al. (1973).
he homogenates were done using 300 mg of plant material in 3 ml
f 5% sulfosalicylic acid (w/v). The samples were incubated with
inhydrin and glacial acetic acid at 100 ◦C for 1 h and the reaction
as stopped by placing the tubes on ice. Absorbance was mea-

ured at 520 nm and proline concentration was calculated using a
tandard curve made with proline.

.13. Statistics

All data presented are the mean values of two or three
ndependent set of experiments. Each value was presented as

eans ± standard errors (SE), with a minimum of three replicates.

tatistical analysis was carried out by one-way ANOVA using the
ukey’s test to evaluate whether the means were significantly dif-
erent, taking one asterisk *p < 0.05, two asterisks **p < 0.01, and
hree asterisks ***p < 0.001 as significant.
three independent experiments with six replicated measurements. Asterisks indi-
cate significant differences (*p < 0.05; **p < 0.01; ***p < 0.001) according to Tukey’s
multiple-range test.

3. Results

3.1. Cadmium content in plants irrigated with CdCl2 for 25 days

Cadmium content was measured in the aerial part of tobacco
plants exposed for 25 days at two concentrations (100 �M and
500 �M) of CdCl2. As shown in Fig. 1, tobacco plants accumulated Cd
in the aerial part in a concentration-dependent manner. The metal
content in SR1 leaves was 0.15 and 0.26 mg g−1 DW for 100 �M
or 500 �M CdCl2, respectively; whereas CAT1AS plants showed a
cadmium accumulation of 0.14 and 0.37 mg g−1 DW for 100 �M or
500 �M CdCl2, respectively (Fig. 1).

3.2. Evaluation of symptoms of Cd toxicity in tobacco plants

3.2.1. Growth
In tobacco plants treated with 500 �M CdCl2, a growth reduc-

tion was visualized from day 8 of treatment in the transgenic
CAT1AS line, and from day 13 in the non-transgenic SR1 line,
being clearly visible in CAT1AS by day 25. Note that transgenic
non-treated plants showed a reduced size compared to con-
Fig. 2. Effects of Cd on growth. Upper view of SR1 and CAT1AS plants irrigated with
CdCl2 by 25 days, as described in Section 2. Arrows indicate chlorotic leaves.
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Table 1
Effect of 100 or 500 �M Cd on chlorophyll, nitrate and iron content at 8, 13 and 25 day of treatment.

SR1 CAT1AS

C Cd 100 �M Cd 500 �M C Cd 100 �M Cd 500 �M

Chlorophyll
(�g Cla+b g−1 FW)

8 days 630.16 ± 9.60 630.23 ± 10.22 544.18 ± 12.42** 596.18 ± 18.62 573.04 ± 10.07 502.99 ± 17.21***

13 days 701.14 ± 4.87 667.29 ± 29.26 490.90 ± 26.49*** 640.25 ± 9.49 690.71 ± 5.02 549.12 ± 5.94**

25 days 778.72 ± 0.38 324.15 ± 3.43*** 247.30 ± 4.87*** 510.84 ± 6.83 446.13 ± 4.13*** 204.56 ± 13.20***

Nitrate (nmol mg−1

DW)
8 days 1332.41 ± 98.27 1336.11 ± 144.54 1394.85 ± 48.44 1190.73 ± 24.29 1204.36 ± 89.60 1111.67 ± 22.96
13 days 1695.33 ± 106.34 1543.86 ± 74.88 1808.91 ± 327.11 1564.33 ± 236.72 1739.30 ± 255.95 1656.46 ± 160.58
25 days 2839.25 ± 180.09 2067.70 ± 115.2*** 982.73 ± 89.87*** 1942.94 ± 77.25 2171.81 ± 97.02 1781.00 ± 175.79

Iron (mg g−1 DW) 25 days 0.09 ± 0.01 0.06 ± 0.01 0.05 ± 0.00* 0.07 ± 0.00 0.09 ± 0.00 0.07 ± 0.00
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ata are the mean ± SE of three independent experiments, with five replicates for e
**p < 0.001), according to Tukey’s multiple-range test.

ut significant reduction only under 500 �M CdCl2 (data not
hown). However, all plants survived after 25 days of Cd treat-
ent.

.2.2. Chlorophyll, nitrates and iron content
As shown in Table 1, total chlorophyll concentration signifi-

antly declined under Cd exposure. At the highest Cd concentration,
he decrease in the pigment content respect to the control was
bout 13% and 16% at day 8, 30% and 14% at day 13, for SR1 and
AT1AS, respectively. The maximum reduction in chlorophyll con-
ent was observed by day 25 of treatment, when the decrease
as about 58% and 68% in SR1, and 13% and 60% in CAT1AS, with

00 �M and 500 �M CdCl2, respectively. Notably, a strong reduc-
ion occurred at the longest exposure time in SR1 tobacco plants
reated with 100 �M, but not in the transgenic CAT1AS line at this

etal concentration.
Taking into account the importance of nitrogen as a key nutrient

n plants, nitrate content was measured as a marker of the nitrogen
tatus in tobacco plants under Cd stress. Both cadmium concentra-
ions caused a decrease in nitrate content only in SR1 plants after
5 days of treatment. The reduction was about 27% and 65% for 100
r 500 �M CdCl2, respectively (Table 1).

Iron content was measured as one of the markers of essen-
ial metals-uptake disturbance provoked by Cd that leads to Fe
eficiency (Prasad and Hagenmeyer, 1999). The content of this
ssential element was measured only in tobacco plants irrigated
or 25 days with 100 or 500 �M CdCl2. As shown in Table 1, Fe con-
ent decreased about 44% compared to the control in SR1 plants,
nly with 500 �M CdCl2.

.3. Study of oxidative stress and antioxidants parameters

.3.1. Hydrogen peroxide and superoxide anion accumulation
Hydrogen peroxide production was visualized by staining leaves

ith 3,3′-diaminobenzidine (DAB), a histochemical reagent that
olymerizes and turns brown in the presence of H2O2 (Fig. 3). The
taining of tobacco leaves treated for 8, 13 and 25 days with 100 or
00 �M CdCl2 revealed no significant differences compared to con-
rols on any tested day (Fig. 3). The specificity of the reaction was
onfirmed by infiltrating the leaves with ascorbate prior to staining
ith DAB (data not shown).

NBT was used to detect the blue formazan precipitation pro-
uced after the reaction with O2

−. Along cadmium treatment there
as greater O2

− accumulation in SR1 than in CAT1AS plants partic-
larly in controls and 100 �M CdCl2 -treated plants. After 8 days of
admium treatment there were no significant differences in the O2

−

ccumulation in CAT1AS plants irrigated with the metal respect to
heir control, while 500 �M CdCl2 inhibited the formazan forma-
ion in SR1 plants. From day 13 on, 500 �M CdCl2 decreased the
ormation of blue formazan in both lines compared to their controls,
atment. Asterisks within rows indicate significant differences (*p < 0.05; **p < 0.01;

whereas a marked inhibition of O2
− accumulation was observed at

day 25 (Fig. 3). The specificity of the reaction was confirmed by infil-
trating the leaves with diphenyleneiodonium (DPI), an inhibitor of
flavin-containing oxidases like NADPH oxidase, prior to staining
with NBT (data not shown).

3.3.2. NADPH oxidase activity
To assess whether cadmium could restrict O2

− and H2O2 gen-
eration by regulating NADPH oxidase activity, the enzyme activity
was determined in vitro. The constitutive NADPH oxidase activity
in SR1 control plants was 30%, 47% and 82% higher than in CAT1AS
plants by days 8, 13 and 25, respectively. Cadmium did not affect the
enzyme activity after 8 days of treatment, but at day 13, the metal
significantly reduced NADPH oxidase activity in a dose-dependent
manner only in wild-type SR1 plants. By the end of the treatment,
both Cd concentrations significantly inhibited the enzyme activity
in both lines, but most markedly in SR1 plants (Fig. 4).

3.3.3. Antioxidant enzymes activity
The activity of the main H2O2-detoxifying enzymes was mea-

sured to analyze the antioxidant machinery. After 8 days of
treatment, CAT activity was not detectable in the transgenic
CAT1AS plants, while at 13 or 25 days, CAT activity was barely
detected only in untreated CAT1AS plants. Meanwhile, in SR1
plants, 500 �M Cd increased CAT activity four times at 8 days, 33%
at day 13 and twice over the control at 25 days of treatment, while
25 days of exposure to 100 �M CdCl2 doubled the control value of
the enzyme activity.

After 13 days of exposure to 500 �M CdCl2, APOX activity
increased significantly to 169% and 77% over the controls in SR1
and CAT1AS, respectively. The last day of treatment, 100 �M CdCl2
raised APOX activity threefold in SR1 plants, whereas in CAT1AS
plants the value of the enzymatic activity augmented 56% over the
control with the highest metal concentration. By this time, APOX
activity was three times higher in control CAT1AS compared to
control SR1 plants (Table 2).

GPOX activity of untreated CAT1AS plants was twice the value of
control SR1 leaves at day 8 and 57% higher at day 25. With regard
to cadmium treatment, the enzyme pattern was rather fluctuant
according to Cd level along the treatment. At day 8, a strong rise
of 150% over the controls was observed in GPOX activity in SR1
plants treated with 500 �M CdCl2, while in CAT1AS plants, 100 �M
CdCl2 decreased GPOX activity by 50% below the control. At 13 days,
100 �M CdCl2 reduced the GPOX activity by 20% in SR1 and 40% in
CAT1AS, whereas 500 �M CdCl2 increased it by 49% and 66% for
SR1 and CAT1AS, respectively. The highest cadmium concentration

tripled the value of the GPOX activity in SR1 plants at the end of the
experiment (day 25), whereas in the transgenic plants, the enzyme
activity was doubled with the two cadmium concentrations used
(Table 2).
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Fig. 3. H2O2 (A) and superoxide anion (B) accumulation in SR1 and CAT1AS plants. Plants exposed to distilled water and 100 or 500 �M Cd for 8, 13 or 25 days were
vacuum-infiltrated with 0.05% nitroblue tetrazolium (NBT) or 1 mg ml−1 3,3′-diaminobenzidine (DAB) and incubated under illumination as described in Section 2. (A) H2O2
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as revealed by the appearance of brown spots due to DAB polymerization. (B) Sup
ormazan deposition.

Superoxide dismutase (SOD), an important source of superox-
de anion-derived H2O2 in plant cells, doubled its value in SR1
lants, but decreased its activity by 40% in CAT1AS plants at
days of treatment with both metal concentrations. At day 13,
00 �M or 500 �M CdCl2 inhibited SOD activity by 30% in SR1
lants, but 100 �M Cd slightly increased this activity (18%) in

ransgenic plants. At 25 days, SOD activity did not change in any
f the lines exposed to cadmium compared with their controls
Table 2).

*

***

**
0

1

2

3

4

5

6

Cd 500Cd 100C

N
A

D
P

H
 o

xi
da

se
 a

ct
iv

ity
(n

m
ol

 µ
g 

pr
ot

 -1
 m

in
 -1

)

SR1

ig. 4. NADPH dependent superoxide production in SR1 or CAT1AS plants. Plants were e
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ix replicated measurements. Asterisks indicate significant differences (*p < 0.05; **p < 0.0
de anion formation was revealed by the appearance of blue spots characteristics of

3.3.4. Study of non-enzymatic antioxidants: Proline and
glutathione content

The dual role of proline as an antioxidant and as an osmotic
stress indicator was a valuable marker of metal toxicity. Proline
content was not modified in Cd treated-SR1 plants either at days 13
or 25 days and showed only a slight increase at day 8. However, the

osmolyte content increased 47% and 83% in CAT1AS plants treated
with 100 or 500 �M CdCl2 at day 8, and 68% or 268% at day 13,
respectively. The last day of treatment, Pro content significantly

**

Cd 500Cd 100C

8 d 13 d 25 d

CAT1AS

xposed to 100 or 500 �M Cd for 8, 13 or 25 days. The NADPH-dependent oxidase
in Section 2. Values are the mean ± SE from three independent experiments with

1) according to Tukey’s multiple-range test.
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Table 2
Effect of 100 or 500 �M Cd on CAT, APOX, GPOX, and SOD activities at 8, 13 and 25 day of treatment.

SR1 CAT1AS

C Cd 100 �M Cd 500 �M C Cd 100 �M Cd 500 �M

CAT
(pmol g−1 PF s−1)

8 days 0.12 ± 0.02 0.14 ± 0.01 0.52 ± 0.02*** ND ND ND
1 days 0.30 ± 0.01 0.25 ± 0.02 0.40 ± 0.01*** 0.10 ± 0.00 ND ND
25 days 0.18 ± 0.01 0.37 ± 0.03*** 0.39 ± 0.04*** 0.01 ± 0.00 ND ND

APOX
(nmol g−1 PF s−1)

8 days 3.31 ± 0.40 4.21 ± 0.61 1.51 ± 0.28 1.78 ± 0.12 3.06 ± 0.68 1.76 ± 0.12
13 days 9.31 ± 1.09 11.96 ± 2.64 25.00 ± 2.64*** 14.90 ±2.24 17.33 ± 0.77 26.42 ± 2.70**

25 days 4.81 ± 0.29 14.90 ± 3.69* 10.81 ± 0.54* 16.26 ±0.71 11.38 ± 0.52 25.40 ± 0.47*

GPOX (nmol g−1 PF) 8 days 3.24 ± 0.01 3.73 ± 0.00*** 8.12 ± 0.01*** 7.22 ± 0.03 3.63 ± 0.02*** 7.60 ± 0.01***

13 days 2.27 ± 0.03 1.82 ± 0.01*** 3.38 ± 0.01*** 2.26 ± 0.02 1.32 ± 0.01*** 3.75 ± 0.01***

25 days 2.57 ± 0.37 4.32 ± 0.46* 6.97 ± 0.16*** 4.05 ± 0.55 8.51 ± 0.73*** 9.28 ± 0.70***

SOD (U g−1 PF) 8 days 5.47 ± 0.01 11.59 ± 0.0*** 11.34 ± 0.00*** 11.29 ±0.00 6.41 ± 0.00*** 7.21 ± 0.00***

13 days 16.93 ± 0.35 12.20 ± 0.1*** 11.54 ± 0.00*** 9.76 ± 0.63 11.53 ± 0.09* 9.27 ± 0.19
25 days 10.86 ± 0.63 9.28 ± 0.62 10.57 ± 0.75 4.90 ± 0.10 7.92 ± 1.47* 7.25 ± 0.07*

Data are the mean ± SE of three independent experiments, with five replicates for each treatment. Asterisks within rows indicate significant differences (*p < 0.05; **p < 0.01;
* nt of the enzyme that oxidized 1 �mol of H2O2 per minute under the assay conditions.
O conditions. One unit of GPOX is the amount of the enzyme that reduced 1 mmol of H2O2

p e that inhibits the reduction of NBT by 50% under the assay conditions.
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**p < 0.001), according to Tukey’s multiple-range test. One unit of CAT is the amou
ne unit of APOX forms 1 mmol of ascorbate oxidized per minute under the assay
er minute under the assay conditions. One unit of SOD is the amount of the enzym

ncreased in transgenic plants by 64% and 87% over the control
pon cadmium treatment, with 100 or 500 �M CdCl2, respectively
Fig. 5).

At all times tested, GSH content was higher in untreated CAT1AS
han in SR1 plants, but no significant differences in GSH and
SSG content were detected in both lines exposed to cadmium
t all times tested, except for a minor increase of 15% in GSH
ontent of SR1 plants watered for 25 days with 500 �M CdCl2
Fig. 5).

.4. Evidence of oxidative damage and cell death: TBARS content,
lectrolyte leakage and Evans blue staining

TBARS content, electrolyte leakage and Evans blue were mea-
ured to observe the extent of oxidative damage and cell death
nder different Cd treatments. As is shown in Fig. 6, there was
o evidence of lipid peroxidation in any of the lines after 8 days
f treatment. On the 13th day, TBARS content decreased by 60%
n SR1 plants treated with 500 �M CdCl2, but increased by 100%
n CAT1AS plants treated with 100 �M CdCl2. Unexpectedly, lipid
eroxidation decreased 52% and 44% in SR1 plants and 20% and 50%

n the transgenic plants by the end of the experiment, with 100 or
00 �M CdCl2, respectively (Fig. 6C).

Regarding ion leakage, no symptoms of damage were observed
fter 8 or 13 days of treatment in both lines (Fig. 6B). After 25 days,
lectrolyte leakage increased 39% with 100 �M CdCl2 in SR1 plants,
ut strikingly decreased 32% and 30% in CAT1AS plants exposed to
00 or 500 �M CdCl2, respectively.

Evans blue (a dye that specifically stains dead cells) staining was
easured as an indicator of cell death in tobacco plants exposed to

admium. At 8 days, cell death was not observed in any plant line
xposed to Cd. The exposure to the metal caused a 80% increase in
he percentage of cell death in CAT1AS plants treated 13 days with
00 �M CdCl2. However, at longer times (25 days), variations in
ell death were only observed in the wild type line, which showed
rise of 61% in plants treated with 100 �M CdCl2 and a decrease of
2% compared to control, in plants treated with the highest metal
oncentration (Fig. 6A).

. Discussion
Plants have different capacity to accumulate metals, which
epends on the plant species, plant age, the metal type and expo-
ure time. In plants, metals in the soil can enter the roots through

Fig. 5. Non-enzymatic antioxidants. (A) Proline, (B) GSH, (C) GSSG content were
measured as described in Section 2. Values are the mean ± SE from three indepen-
dent experiments with six replicated measurements. Asterisks indicate significant
differences (*p < 0.05; **p < 0.01; ***p < 0.001) according to Tukey’s multiple-range
test.
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f the controls, (B) electrolyte leakage expressed as relative conductivity and (C) thi
he mean ± SE from three independent experiments with six replicated measureme
o Tukey’s multiple-range test.

ymplastic or apoplastic pathways before entering the xylem and
eing translocated to the shoot (Lux et al., 2011). The aerial part
f tobacco plants accumulated cadmium in significant amounts
nd this accumulation was metal concentration-dependent, being
AT1AS the line that showed the greater Cd content with the high-
st Cd concentration used, according to the reported high mobility
n the phloem (Mendoza-Cózatl et al., 2011). Cd can accumulate
n all plant parts and can trigger a series of changes that can lead
o phytotoxicity (Kopittke et al., 2010; Lux et al., 2011), reported
y previous findings as damage to the photosynthetic apparatus,
ecrease in the net photosynthetic rate, growth reduction in terms
f dry mass and leaf area in Lepidium sativum, Brassica juncea, Pisum
ativum, Populus and Solanum licospersycum L. plants (Sandalio
t al., 2001; Schützendübel et al., 2002; Mobin and Khan, 2007; Gill
t al., 2012; Gratão et al., 2012). On the contrary, Gonçalves et al.
2009) reported that no reduction in shoot and root dry weight was
bserved at any level of Cd2+ in hydroponically grown plantlets of
otato. In tobacco plants, cadmium caused a clear growth inhibi-
ion (visualized by a small size of the plant and the leaves), that
as more evident in the transgenic line treated with 500 �M CdCl2,
hich accumulated a greater amount of the metal in their leaves,

ut showed a higher chlorophyll concentration and nitrates content
ompared to SR1 plants (Figs. 1 and 2 and Table 1). The reduced
rowth may be due to a cadmium alteration of photosynthesis
nd, consequently, to a decrease in CO2 assimilation and photo-
ynthates accumulation, and this could also be related to the onset
f chlorosis symptoms observed (Table 1). Kendall et al. (1983)
eported that the mutant line of barley RPr 79/4 was unable to

row satisfactorily in normal air but it could not be attributed to
major block in the photorespiratory carbon pathway. Studies on
oplar plants exposed to Cd have demonstrated that for a short-
erm Cd treatment (≤14 days) a strong negative impact on proteins
ituric acid reactive substance (TBARS) content, as described in Section 2. Values are
sterisks indicate significant differences (*p < 0.05; **p < 0.01; ***p < 0.001) according

involved in the Calvin cycle and the light-dependent reactions of
photosynthesis was observed, but for a long-term Cd exposure (up
to 56 days), the impact of Cd on protein abundance was less pro-
nounced (Kieffer et al., 2009).

Most plants can take up and utilize inorganic and organic forms
of N from the soil. Nitrate (NO3

−) is the main form of N taken up
and assimilated by most crop plants in cultivated (well aerated)
soils (Andrews et al., 2013). Following uptake from the soil solu-
tion, nitrate can be either stored in the vacuoles or assimilated
to supply the nitrogen atom for amino acid biosynthesis. Nitrate
uptake from the external medium by the root epidermal or cortical
cells is the balance between concomitant influx and efflux unidi-
rectional transports, mediated by different transporters (Tsay et al.,
2007; Miller et al., 2009). The root or shoot can be the main site
of NO3

− assimilation depending on genotype and environmental
conditions (Andrews et al., 2013). In many plants, nitrate assimila-
tion occurs predominantly in the leaves, where a large part of the
reducing power needed for this process directly originates from the
photosystems. In SR1 tobacco plants, cadmium remarkably reduced
nitrate content in leaves after 25 days of treatment with both metal
concentrations, but surprisingly, nitrate content was not affected
in leaves of the transgenic line. Gouia et al. (2000) reported that
cadmium produced an inhibition of the nitrate uptake and of the
enzymes involved in the N assimilation pathway, whereas both
nitrate reductase (NR) and N content were reduced in L. sativum L.
leaves of plants subjected to 100 mg Cd kg−1 soil (Gill et al., 2012).
Moreover, Hernández et al. (1996) observed that cadmium caused
nitrate accumulation in roots of pea plants, associated with an alter-

ation in the nitrate translocation and a decrease in the NR activity in
the stem, and severely inhibiting nitrate assimilation. This could be
occurring in SR1 plants, where nitrate accumulation was reduced
in leaves compared to CAT1AS. The variation in nitrates content
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etween SR1 and CAT1AS leaves, at comparable Cd levels, deserve
o be studied. In line with the relationship between nitrates and Cd
olerance, several lines of evidence suggest that AtNRT1.8, a nitrate
ransporter that mediates the retrieval of nitrate from the xylem sap
n Arabidopsis plants, could be involved in Cd2+ tolerance because it
estricts nitrate translocation to shoots in response to Cd2+ (Gojon
nd Gaymard, 2010).

Ionic Cd2+ may compete with mineral nutrient cations (e.g. Ca2+,
e2+, and Zn2+) for transporters, by altering plasma membrane per-
eability, often leading to decreases in these essential elements

nd to disruptions in the ionic homeostasis or enzymatic activities
n plants (Nazar et al., 2012). Iron was chosen to monitor min-
ral nutrient uptake disruption in tobacco plants exposed to Cd
nd a decrease of Fe2+ content was only observed in wild plants
xposed to the higher metal concentration. Bovet et al. (2006)
bserved no significant differences compared to controls in Fe2+

ontent in 6 week-old N. tabacum plants grown for 7 days with
�M or 50 �M Cd. However, the author mentioned that, despite

his, they observed chlorosis and necrotic effects in plants exposed
o 50 �M CdCl2, suggesting that a reduction in the Fe2+ content it is
ot necessary enough to monitor Cd toxic effects, in concordance
ith the results obtained with CAT1AS plants, where even without
detectable drop in iron content, a reduction in chlorophyll con-

ent was observed. Regarding Cd2+ effects on Fe2+ uptake, shoot
e2+ content in the potato cultivar Asterix showed a continuous
ecrease with increasing Cd2+ concentrations, while, conversely,

n the Macaca cultivar, shoot Fe2+ was reduced only at the high-
st Cd2+ level (Gonçalves et al., 2009). The marked decrease in the
hlorophyll content of SR1 plants after 25 days of cadmium treat-
ent could be associated to the reduction in Fe content, with the

oncomitant alteration of the photosynthetic machinery, that could
imit the amount of ATP and NADPH required for nitrate uptake,
hus contributing to the lower nitrate content observed in SR1
lants.

Cadmium-induced oxidative stress has been considered one of
he reasons for its phytotoxicity (Kopittke et al., 2010; Lux et al.,
011; Gallego et al., 2012). Many reports have documented that
d induces the formation of several ROS, mainly O2

− and H2O2
Benavides et al., 2005), being NADPH oxidase the enzyme most
ommonly accepted to be the responsible for the generation of
2O2 (via O2

−) in plants after exposure to the metal (Groppa
t al., 2012). In microsomes of tobacco leaves, Cd inhibited NADPH
xidase activity, and this inhibition was correlated with the reduc-
ion in O2

− formation mainly after 25 days of cadmium treatment
Fig. 3). These results are in accordance to that found in SR1 or
AT1AS leaf discs (Iannone et al., 2010) and in sunflower leaf discs
Groppa et al., 2012), where cadmium significantly reduced the
ADPH oxidase-dependent O2

− formation in a dose dependent
anner, or in Arabidopsis thaliana plants where the O2

− level in
he leaves decreased below their controls (Maksymiec et al., 2007).
n wood and leaves (that accumulated less Cd than roots) of Pop-
lus × canescens plantlets, the O2

− production rate increased after
4 h, and subsequently decreased to levels similar to those in con-
rols or even less, after a prolonged Cd incubation time (He et al.,
011), in a comparable pattern than that observed in tobacco leaves.

In a natural course, the plants exposed to stress generate a large
uantity of ROS, which in turn will trigger plant ROS-scavenging
echanisms, which includes antioxidant enzymes (Gratão et al.,

008; Azevedo et al., 2012; Roychoudhury et al., 2012) as well
s non-enzymatic soluble compounds (Ahmad et al., 2010; Foyer
nd Noctor, 2012). The resistance of plants to heavy metal stress
ay be associated with the decreased susceptibility of enzymes
o metal inhibition (Liu et al., 2004). To cope with the increase
n ROS formation produced by 500 �M Cd, SR1-treated plants
howed elevated enzymatic activity of CAT, GPOX and APOX at
lmost all times compared to controls, whereas in CAT1AS, GPOX
rimental Botany 109 (2015) 201–211

and APOX increased over the controls only after 13 days of expo-
sure (Table 2). Additionally, it was observed that CAT1AS plants,
mostly after day 8, had increased constitutive levels of the enzymes
involved in H2O2 detoxification, as APOX and GPOX, as well as
decreased constitutive levels of NADPH oxidase or SOD activities,
thus reducing the amount of H2O2 formed by these ways, all of
which may reflect an adaptation of CAT-deficient plants to bal-
ance the constitutive H2O2 formation in the cytoplasm in response
to stress. Moreover, under the low light conditions used in our
study (120 �mol m−2 s−1), transgenic tobacco lines with strongly
reduced catalase levels showed a smaller size but were phenotyp-
ically indistinguishable from controls. This points out that under
these conditions, 10% of normal catalase activity is either enough
for protecting tobacco plants from H2O2 toxicity generated upon
Cd exposure or Cat1 gene, which is the gene deficient in CAT1AS
plants, is not the main gene involved in H2O2 detoxification upon
Cd exposure. Provided that the catalase gene family is evolutionar-
ily conserved, sequence comparison could lead to the identification
of different classes of catalases (Willekens et al., 1994). The main
function of Cat1 resides in the removal of H2O2 produced during
photorespiration. When cultivated at favorable conditions of tem-
perature, as were the conditions we used for cultivating tobacco
plants, the production of photorespiratory H2O2 and consequently
the demand for Cat1 will be directly related to the amount of
light. For that reason, phenotypic effects, that were evident under
high light conditions in CAT1AS plants (Dat et al., 2003), were not
detected under Cd stress in plants grown under low light inten-
sities. In addition, SOD increased its activity in CAT1AS plants at
day 25 either with 100 or 500 �M CdCl2, a response that was
not observed in wild-type plants. The increment of antioxidant
enzymes in response to Cd stress has also been described in A.
thaliana (Smeets et al., 2008), L. sativum L (Gill et al., 2012) or
in the citrus rootstock Citrumelo seedlings (Podazza et al., 2012),
exposed for different times to Cd concentrations ranging from 5 �M
to 500 �M. The importance of H2O2 detoxification was highlighted
by Xu et al. (2008), who reported that transgenic A. thaliana plants
constitutively overexpressing a peroxisomal APX gene (HvAPX1)
from barley were shown to be more tolerant to Cd stress, a pro-
cess that also resulted in a higher accumulation of Cd in the shoots.
Similarly to the results obtained in our work, Willekens et al. (1997)
showed that CAT1AS plants activated alternative enzymatic mech-
anisms of H2O2 detoxification to compensate the CAT deficiency
after being transferred to high illumination, showing a persistent
increase in the GPOX and APOX expression, but not preventing
necrosis; whereas using the same transgenic plants, Chamnongpol
et al. (1998) reported that H2O2 modulation in CAT1AS plants may
constitute a strategy for disease control that is superior to chemical
activators of the SAR. On the other hand, there is scarce evidence
of any pleiotropic effect of the catalase deficiency in mutant line
of barley RPr 79/4 on the activities of SOD and GR (Azevedo et al.,
1998). CAT activity increased 5-fold only in the wild type leaves
when plants were transferred from 0.7% CO2 to air, whereas the
enzyme activity decreased consistently in the roots of both geno-
types after plants were transferred to normal air.

In general, the enzymatic and non-enzymatic scavengers have
been viewed as independent means of eliminating the oxidant bur-
den, but it has been suggested that other potential antioxidants, as
Pro or polyamines, could be part of a dynamic interplay between
various oxidant species and antioxidants in the response to stress
(Groppa et al., 2003; Gill and Tuteja, 2010). Proline is considered
as an inert compatible osmolyte that protects subcellular struc-
tures and macromolecules under osmotic stress (Kavi Kishor et al.,

2005) and performs a ROS scavenging activity, acting as a singlet
oxygen quencher (Matysik et al., 2002). Besides, Pro accumulation
appeared to be a suitable indicator of heavy metal stress because
this type of stress is often associated to water loss. Islam et al.
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2009) reported that N. tabacum L. cells exposed to Cd treatment
ccumulated high levels of Pro, thus relieving the inhibitory effect
f Cd on cell growth. Proline increased in many different poplar
pecies exposed to 200 �M CdSO4 for 20 days (He et al., 2013),
hereas in algae treated with heavy metals, Siripornadulsil et al.

2002) observed that free Pro levels correlated with GSH redox state
nd TBARS levels, suggesting that free Pro acts as an antioxidant
n Cd-stressed cells. In the present work, Pro content increased in
obacco transgenic plants at all cadmium exposure times, while in
ild plants it fairly increased only at 8 days of 100 �M Cd treat-
ent. Proline increment in the transgenic line, can probably be

ssociated to the less pronounced decline in chlorophyll and no
ncrease in TBARS, electrolyte leakage or H2O2 at 500 �M CdCl2,
hus confirming a protective role of Pro against Cd-induced stress.
n the other hand, total glutathione levels were higher in CAT1AS
lants than in wild type plants, and they did not change under Cd
tress. This could be due to the unchanged levels of H2O2 either
n wild type or transgenic tobacco plants. The elevation of glu-
athione levels in the leaves of the catalase deficient mutant barley
Pr 79/4 was associated with a response to the H2O2 produced dur-

ng photorespiration (Smith et al., 1984). In tobacco transgenic line
on-photorespiratory conditions were imposed, since plants were
rown at normal air and with moderate illumination.

It is known that ROS can accelerate lipid peroxidation, thus
ffecting cell membrane fluidity and permeability due to an alter-
tion in the composition of membrane lipids (Tian et al., 2012).
lthough the mechanism of Cd toxicity is far to be fully understood
nd this metal does not seem to directly generate free radicals, lipid
eroxidation has been considered one of the primary processes
esponsible for Cd toxicity (Gallego et al., 1996; Gratão et al., 2012).
owever, SR1 or CAT1AS plants showed no evidence of lipid peroxi-
ation even after 25 days of treatment, except for a 100% increase in
AT1AS plants exposed to 100 �M Cd at 13 days. Moreover, plants
reated 25 days with the higher cadmium concentration showed a
triking decrease in TBARS content and electrolyte release, with no
igns of cell death. These results could indicate the existence of an
daptative mechanism to Cd stress in SR1 and CAT1AS plants, at
he longer exposure time to cadmium, which could be related to an
ncrement in the antioxidant enzymes activities in both lines and
he increase in Pro in the transgenic line that would allow better tol-
rance to stress. Tomato cells (Msk8 line) subjected to a prolonged
d-exposure revealed the existence of an adaptation mechanism
hat allowed cells to be completely recovered and with higher live
ells than their controls (Yakimova et al., 2006).

The results obtained in the present work demonstrated that
obacco plants are able to tolerate Cd levels that would normally
e lethal to other plant species. The increase in the antioxidant
achinery observed in both SR1 and CAT1AS plants was not enough

o reverse the growth inhibition produced by the metal, which
ould indicate that cadmium would affect other parameters not
elated to ROS formation, as was the alteration of iron homeo-
tasis or disturbances in nitrogen metabolism. The transgenic line
ad the capacity to rise the antioxidant enzyme machinery but
ad also developed supplementary adaptive strategies compared
o wild plants that allowed them to maintain the NO3

− and Fe
evels in concentrations similar to the untreated plants, without
ncreasing H2O2 levels, probably due to the marked elevation of a
oluble antioxidant such as Pro. CAT1AS plants survived after being
atered with high Cd concentrations in a manner comparable to
ild plants.
. Conclusions

Although many studies have been carried out regarding Cd
esponses of plants, no explicit indicators are available for
rimental Botany 109 (2015) 201–211 209

evaluating Cd tolerance in plants (Di Lonardo et al., 2011). The
results presented in this work demonstrate that, unlike what was
observed in CAT-deficient plants, when were exposed to high
irradiance (Dat et al., 2003), CAT does not play a crucial role in pro-
tection against Cd toxicity and transgenic plants are able to activate
alternative defence mechanisms. Additional analysis is needed for
a better understanding of the mechanisms connecting antioxidant
responses, ROS formation and Cd toxicity on mineral nutrition in
tobacco SR1 and CAT1AS plants growing in stressful conditions.
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